
Volume III

Program Cost
Estimates Document

_/ / J - - ) -

March 1989

Liquid Rocket Booster
(LRB) for the Space
Transportation System
(STS) Systems Study

/
"'°" ,- .° .i

A

/

.°

.... ...o,!

/V

! •\
I

/ \

_ .,_
_...r_.-:......

_""i i i i

i ":

: i

•] ....................

i._,.....I_:_}.....,_:

L.; i'....J

_"

\

I

.-----i

II_ARTIN MARIETTA

L-004/jer MANNED SPACE SYSTEMS





FOREWORD

This document provides the Program Cost Estimates Document (DR-6), for the Liquid Rocket

Booster (LRB) for Space Transportation (STS) Systems Study performed under NASA Contract

NAS8-37136. The report was prepared by Manned Space Systems, Martin Marietta Corporation,

New Orleans, Louisiana, for the NASA/Marshall Space Flight Center (MSFC).

The MSFC Contracting Officer Representative is Larry Ware. The Martin Marietta Study Manager

is Thomas Mobley.
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1.0 INTRODUCTION

This volume presents the criteria, cost analysis methodology and cost estimates that helped

identify the preferred pump and pressure-fed liquid rocket booster (LRB) configurations for

integration into the current Space Transportation System (STS).

1.1 PURPOSE

The purpose of the cost analysis task was the critical evaluation of LRB program elements

so that a system development concept could be identified based on the lowest projected life cycle

costs (LCC). This cost criteria could then be added to other technical and programmatic criteria to

enable selection of the preferred pump-fed and pressure-fed LRB configurations.

Additional trade studies were performed to identify subsystem alternatives and technology

opportunities. The alternatives identified are intended to optimize vehicle and program objectives.

Each of the options selected offer advanced, but near term and minimal cost technology approaches

to the liquid rocket booster designs.

Cost estimates for the LRB program were reported to a Work Breakdown Structure (WBS)

that permitted visibility to every element of the LCC. From these detailed estimates, annual fiscal

year (FY) funding projections were prepared to assist in LRB project planning efforts.

1.2 SCOPE

The scope of the cost analysis effort includes all costs directly incurred due to the DDT&E

and Production of LRBs for the NSTS. The estimates do not include orbiter or external tank

hardware or processing costs. It does however include cost estimates for any new facilities

required as a result of introducing the LRBs into the launch vehicle. See Table 1.2-1 for a cost

scope summary.

The results of this analysis are intended to complement two parallel LRB studies. The LRB

launch operations contract performed by the Lockheed Company (NAS10-11475) is intended to

provide an in-depth analysis of the KSC processing and facilities requirements for the LRB. Their

analysis incorporates the LRB requirements from delivery of the LRB hardware to the launch site

through ground processing and eventual launch of the vehicle. They included manpower and

facility assessments of the LRB impacts at KSC. Although we do provide a KSC facility and
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processing assessment in this document, the Lockheed results were reviewed and in general,

concur with our analysis. The results of the KSC study should supercede our results in the areas

of overlap.

A second study was performed by JSC/I.,ockhccd (NASI0-11475) to determine the

integrationrequirements and impacts of an LRB to the other STS hardware and operational

elements (Orbiter,External Tank, Mission Operations, etc.). Although our own analysis

concurred with the JSC analysisin not identifyingany major hardware or mission operations

impacts due tothe incorporationof theLRB, theresultsof theparallelstudy should supercedc our

analysis.

Phase
R&T

DDT&E

Production

Operations

Facilities

Scone

No research and technology issues for pump-fed booster
Pressurization system development is required for pressure-fed

Software engineering efforts are excluded
No dedicated flight test hardware is required
No operations and launch support is included for DDT&E

All booster production costs arc included
ET and other recurring hardware costs are excluded

LRB Propellant and GSE costs are identified

All new and modified LRB facilities arc included

Facilities include: Manufacturing, Test, and Launch

Table 1.2-1 Cost Scope

1-2



2.0 COSTING APPROACH, METHODOLOGY, AND RATIONALE

This section of the document provides an overview of our approach to the LCC analysis

task including discussions of the phase C/D WBS, study groundrules and assumptions, costing

methodology, and representative estimating approaches. This section can be skipped and referred

to later if the reader is interested in proceeding directly to the results of the cost analysis task

contained in Section 3.0 of this document.

2.1 WORK BREAKDOWN STRUCTURE

The WBS used to report the LRB cost estimates has been prepared pursuant to MIL-STD-

881A and MM-8020-6A GP40 (C/SPC) requirements. The WBS identifies the products and

services required for every phase of the LRB Program, including: R&T, DDT&E, Production,

Operations, and Facilities. The purpose of the WBS is to detail the activities that must occur to

prepare the system for operation and to provide a structure for reporting estimates of the cost for

implementing the program. The WBS matrix format has been successfully used by Martin Marietta

on previous NASA studies. The format provides the flexibility to accommodate a variety of LRB

hardware configurations and any number of functional categories. At the same time, the format

provides a consistent approach for reporting program Life Cycle Costs (LCC).

2.1.1 LRB Work Breakdown Structure

The implementation of an LRB will be treated as a major element of the NSTS Program.

The NSTS program consists of the Orbiter, El', and Booster hardware as well as supporting

ground equipment. The LRB hardware was included in a current, condensed version of the NSTS

W'BS (Figure 2.1.1-1) suitable for Phase A/B studies to ensure a consistency of approach. The

cost estimates in Sections 3 and 4 of this volume follow this LRB WBS format. Additional

definition of each hardware element and each subfunction can be found in the WBS dictionary.

The Phase C/D WBS and WBS dictionary were submitted as a separate document to satisfy

contractual Data Requirement - 5. The DR-5 is included in this document as Appendix A for

convenience.

The WBS for the _ implementation can be represented in either matrix or hierarchical

formats. Both the WBS matrix and the Hierarchical (Tree) structure follow a consistent approach.

The two only differ in presentation format.
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2.1.1.1 Matrix Format

The matrix (Figure 2.1.1.1-1) is a two dimensional representation of the NSTS WBS with

the columns identifying the program phases, functions, and subfunctions and the rows identifying

the various hardware elements that comprise the program. The intersection of any column and row

uniquely identifies a function that must be performed against a particular piece of hardware. The

WBS matrix provides a systematic format to assess every function that has to be performed in

order to accomplish the entire program and prepare a program cost estimate. Thus it is a valuable

management tool: offering an overview of all of the work that must be accomplished.

The WBS also provides an inherent accounting system. There is a cost estimate for every

'X' identified in the LRB matrix. This WBS approach ensures inclusion of all cost impacts for the

program.

2.1.1.2 Hierarchical Format

The WBS tree diagrams, provided in the WBS Appendix A, present a hierarchical view of

the W'BS matrix. This format is suitable for presentation purposes and enhances the matrix version

of the WBS. The tree structure graphically represents the functions and subfunctions that are

required for each phase, and for the entire program. The hierarchies can be customized for each

hardware element depending on the subfunctions required. Each element can be found in the WBS

matrix by the identifying WBS number. The two representations are identical in content, but

different in format.

2.2 GROUNDRULES AND ASSUMPTIONS

The final programmatic groundrules were coordinated with the NASA MSFC economic

analysis organization. The groundrules were negotiated with NASA and the assumptions were

made by this study contractor. The groundrules have determined the flight rates and the support,

contingency, and fee factors in order to establish consistency throughout the program. The flight

rate was set at 14 per year after an initial ramp rate of 4, 8, and 12 in the fu'st three years. The

LCC estimates are based on a 10 year program for a total of 122 shuttle flights (i.e., 244 boosters).

The groundrules used in this cost analysis effort require all cost estimates in fiscal year

1987 doUars. The 40% government wraparound factor includes a 5% government support factor,

a 25% management reserve factor, and a 10% contractor fee factor. We have distinctly separated
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the wraparound impacts from the basic contractor cost estimates to allow flexibility in updating the

estimates should these factors change.

The groundrules also include tooling and facility rate capabilities of 14 flights (28 boosters)

per year. There is no reserve capability built into the tooling or facility requirements. Should

higher flight rates eventually be required, a rate tooling and rate facility program can be adopted to

increase the production and launch capabilities. Table 2.2-1 summarizes the all of the major

groundrules and assumptions.

Emgmm
Phase Groundrules and AssumDti0ns

General

DDT&E

Production

_ons

Facilities

All costs arc in Fiscal Year 1987 dollars

Government factors separately identified as follows
- Government Support 5%
- Management Reserve 25%
-ContractorFee 10%

No discountingused

No SRB transition cost impacts included
No SRB flights dehyed or cancelled

Ground test hardware includes GVTA, STA, MPTA, SETA, and
Shock and Acoustic Test Articles

Orbiter mass simulatedfor GVTA

Engines mass simulatedforShock & Acoustic Tests

Capabilitysizedforsteadystateof 28 boostersper year

Separatelearningcurvesidentifiedfor specifichardware items
Production spares: Engines 10%; Other 6%

10-Year operational program
Ramp rate 4, 8, 12, 14 launches; then 14 per ),car
122 flights total; (244 Boosters)
KSC and JSC operations excluded

Sized for steady state of 14 flights per year
Booster manufacturing facilities reflect MAF shared facility costs
MPTA, SETA, and engine component tests at Stennis
STA, GVTA, and Modal, Shock, and Acoustic tests at MSFC
KSC facilitiesam included

Table 2.2-1 Programmatic Cost Groundrules and Assumptions Summary
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The assumptions that were made by this study contractor were guided by our testing,

operational, and cost avoidance philosophies. These philosophies have evolved over many years

of experience with the various MMC and subcontractor contracts. Our testing and operational

philosophies for the LRB structures, TPS, and propulsion subsystems axe based on our External

Tank and Titan experience. Aerojet and Honeywell have provided us with assistance in the engine

and avionics areas respectively. Our combined expertise has ensured a comprehensive approach to

designing, testing, and producing I_,RBs. The various philosophies that guided this program axe

detailed in the following sections.

2.2.1 Test Philosophy

The test requirements for the LRB were determined by a technical committee. The

committee, consisting of representatives from the various engineering disciplines, production,

facilities, and supporting departments, reviewed the results of historical testing programs, and

evaluated the benefits and merits of each individual test. They analyzed the trade-offs between

increasing the design margins to eliminate testing and reducing the design margins by requiring

thorough testing.

Hardware test articles have been identified for the individual tests that are required.

Ground test hardware are identified in detail in Section 4.2. The test hardware requirements were

identified at the subsystem level. The total test hardware requirements were determined by adding

up hardware costs at the subsystem level. This approach allowed us to discretely estimate the test

hardware required for a particular test in lieu of relying on total vehicle percentages. Additionally,

it allowed mass simulations to be used in place of expensive subsystems when the functionality of

that subsystem was not a requirement for a particular test (e.g., engine mass simulation in the

Structural Test Article). The ground test hardware costs have thus been minimized by reducing test

requirements where possible; including only those subsystems required for a particular test; and

using mass simulators where appropriate.

2.2.2 Production/ Operations Philosophies

The Production/Operations philosophies that have guided this study effort are reflected in

the cost estimates. There is some learning that usually takes place in a repetitive manufacturing

environment. The costs for manufacturing the LRBs include production learning at rates found in

programs similar to the planned LRB manufacturing approach. It is important to note that as

shown in the sensitivities performed for this study contract (Section 5), the effect of the various

learning curves chosen can have a significant impact on the cost of the hardware. The production
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learning curves utilized in this study reflect a realistic approach. For example, the structures

estimates provided herein follow an 85% learning curve. An 85% learning curve has been found

on other historical programs and has been used to guard against an overly optimistic estimate. The

ET program, for example has experienced a better than average learning curve on the structures,

but that would be considered optimistic for a new program. The learning curves chosen reflect the

expected learning rate: not the best one possible. The same is true for the engine subsystem: the

best possible learning curve was not selected, rather, an "expected" value was used. As can be

seen in the sensitivities performed on the learning assumptions (Section 5), small changes in the

learning curve assumptions can significantly affect the LCC.

2.2.3 Cost Avoidance Techniques

The cost avoidance techniques utilized in this study have already been demonstrated in the

test program approach that has been adopted (i.e., minimize testing.) In addition to this testing

philosophy, the project conducted numerous trade studies as an additional cost avoidance measure.

For example, in the area of the structures design, the tendency to use proven designs originally

gave the tank structures a skin-stringer wall design. From a cost avoidance perspective, a trade

study was performed to assess alternate methods of construction that would eliminate the barrel

panel milling process and still retain a sound engineering design. This trade resulted in the

overwhelming selection of a monocoque wall structure. The monocoque approach eliminates

milling the barrel panels. It also eliminates the need for intermediate ring frames and for attaching

the internal ring frames to the tanks. The cost savings from this selection will amount to $304M

over the course of the program under the current groundrules and assumptions. This trade study

example highlights the efforts that have been made to avoid costs. Section 7.0 contains a brief

summary of the trade study cost analysis inputs.

Another cost saving approach was used to estimate the Facility costs. Where possible, the

LRB program uses existing facilities that could accommodate certain LRB requirements according

to current program planning. Each major functional area of facility requirements (manufacturing,

test, and launch) uses existing facilities to some extent. Section 4.4 details our modified versus

new facilities implementation approach. A brief summary of our approach follows.

The selected manufacturing facilities are located at the Michoud Assembly Facility (MAF)

in New Orleans. The use of existing facilities is based on non-interference with the current ET

Program. The advantage is that the ET program and the LRB program earl share the cost of the

infrastructure (i.e., the Industrial Wastewater Treatment Facility, Substations, and Barge facilities
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for example.) in addition to some of the existing manufacturing floor space. This has the effect of

lowering the LRB costs. Some new manufacturing and office facilities will be required but many

of the facilities already exist

The Testing facilities selected are located at the Stennis Space Center and the Marshall

Space Flight Center. Some new facilities will be required but many are available according to

current program planning. Again, the use of existing test facilities reduces the investment cost

required for the LRB program.

The Launch facilitiesare locatedatKSC. The LRB program has adopted the groundrule

thatintegrationof the LRBs intothe launch process willnot cause any missed flightsduring the

transitionperiod from solidto liquidboosters. The analysis indicatesthat the new facilities

requiredas the resultof thisgroundrule arelessexpensive thateven one missed flight.Again, the

LRB program makes extensive use of existinglaunch facilities.Both the existing and new

facilitiesrequiredarcdescribedindetailin Section4 of thisreport.

2.2.4 Management Approaches

In additiontothehardware costanalysis,management and philosophicalchanges were also

considered to lower program costs. During the course of the study,we had the opportunity to

address the issue of 'cultural changes' that could be made to reduce program costs. The cultural

change issue centers around the argument that certain activities and philosophies are bred into

government procurement programs and contractor bids. The result is a procurement process that is

a selffulfillingprophesy in terms of cost Procurement costsare estimatedhigh (i.e.,management

reserve) to cover the requirements and any unknowns: all the funds are used. The goal of making

cultural changes is to change the 'normal' way of doing business to reduce costs.

Many ideas arein an abstractform, and the issuesand impacts arejustnow startingto be

discussed. The ideasrange from reducing the requirementsplacedon contractorsto streamlining

contractorsupportfunctions.The analysistodatesuggeststhatthe culturalchange theme isbeing

used toreduce projectedprogram costs,but no dataisavailabletosubstantiatethatthe costswill

actuallybe lower. Thus, many questionshave yet tobe answered beforethe culturalchange theme

can be included in LCC estimates with confidence. One question that has to be answered, for

example, is whether or not the 'system' will really change. Another is what impact will a change

have on the quality of a man-rated vehicle. Such answers, it seems, should be developed before

2-7



the current estimates are lowered to account for any reduced requirements or streamlined

philosophies.

The cost estimates should reflect verifiable histories. And where departures from historical

data are required, supportable assumptions in the context of real approaches should be offered as

alternatives to the baseline cost estimates. One concrete approach to the problem, for example,

would be to incorporate into contracts incentives that reward a contractor for cost savings

initiatives. This could have the real effect of lowering costs (see Section 5 for the impacts of

alternate learning curve profiles). At this time the cultural change philosophy is not incorporated

into the baseline LCC estimates. It is felt that doing so might present an overly optimistic picture

of program costs. However, we make reference to this theme throughout this volume by pointing

out possible solutions and their resulting impacts on the estimates. The LCC estimates set forth in

this document are based primarily on past program experience: there is a sound basis for these

estimates.

2.2.5 Equivalent Number and Kinds of Spares

The production program was analyzed in detailto determine the advantages and

disadvantages of variousquantitiesand kinds of spares. The resultsshow thatfor a continuous

production program such as theexpendable LRB program, lower numbers of sparesare required

since the capability to manufacture replacement parts is retained. In addition, the quantity of

production units and rate of production also have the effect of lowering the number of spares

required since any immediate need for a part can be satisfied with an "in-production" unit. A 10%

spares rate for intertanks, for example, would require production of 24 spare intertanks by the end

of the program. Common sense would suggest that this would represent an unusually high

estimate of spares. In addition, the intertank is not an item that would normally require a spare part

inventory in the ftrst place. The spare part inventory requirements were developed based on the

individual subsystem requirements. The result is, for example, less spares for slructures and more

spares for avionics. This is a function of the reliability and failure modes present for each

subsystem.

2.2.6 Programmatic Cost Reduction Approach

The entire program was analyzed to determine alternate approaches or programmatic

changes that could significantly reduce program costs. Three key areas were identified: production

quantifies, learning assumptions, and manufacturing processes. The average unit cost of a booster
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can be reduced by 22% by increasing the production quantity to 1000 (from 244). A surge in

production units can come from utilizing LRBs in other programs such as ALS.

That savings can be compounded by 20% in the pump-fed booster and 25% in the

pressure-fed booster by lowering all of the production learning curves to optimistic, but achievable

values. This may be achieved with a strong incentive program for attaining such goals.

The savings can be further compounded by improvements in the manufacturing processes:

5% in the case of the pump and 10% for the pressure booster. The baseline pressure-fed booster,

for example, uses a Plasma/arc & GMA f'tU weld process. Developing the capability to electron

beam weld large structures can reduce the welding labor by two-thirds. Such improvements and

changes in programmatic assumptions can effectively lower the pressure-fed boosters average unit

cost estimate by 50%.

2.2.7 Technology Approach

2.2.7.1 Baseline LCC Estimates

For the most part, the baseline LCC estimates push technology only far enough to obtain a

viable booster. This approach benefited the pump-fed booster system. In order to incorporate

minimal technology into the pressure-fed booster, the manufacturing processes were held to well

known technologies. An optimum pressure-fed system, however, would incorporate near term

technology improvements (such as Electron Beam Welding) to reduce costs. While the baseline

LCC estimates do not incorporate these benefits, a separate estimate is provided for the pressure-

fed booster that shows such benefits.

Baseline LCC estimates are conservative in areas that lack a large historical data base -

namely pressure-fed pressurization system, high pressure feed-lines, and ablative thrust chamber

assemblies. The differences between the pump and pressure-fed vehicles are magnified by the

relative immature state of pressurization system technology when compared to pump. The baseline

LCC estimates show that the program discriminators between pump and pressure-fed vehicle

programs can be found in the engine, structures and propulsion booster subsystems. The baseline

approach to defining the vehicle from both a design and manufacturing approach has been ftrst to

prove that a concept is viable. Then alternate approaches were considered to reduce high cost

areas.
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2.2.7.2 Technology LCC Estimates

The technology pressure-fedestimateincorporatesnear term technologiesintothepressure-

fed system. The benefitof such technologiesisa reductionin program costsforrelativelylittle

investment cost. The technology estimate incorporatesimprovements in three system areas:

structures,propulsion,and engines.

The pressurizedstructuresin thepressure-fedboosterarc very expensive with the current

design and manufacturing processes defined. The weld lands on the barrel sections are

approximately 2.8 inchesthick.The weld processcallsforone keyhole buttweld followed by six

separateflUpasses. The electronbeam welding processcallsforonly one keyhole pass followed

by a single cosmetic pass. This welding is performed at a single station which reduces

transportationcosts.Additionally,the inspectionand rework operationsare significantlyreduced

duc to fewer passes and the improved weld strength.The resultissignificant- amounting to a

30% reduction in structures costs.

The pressure-fed propellant feed lines are estimated high in relation to the pump-fed NIPS

inthe baselineestimatesdue to the unknowns associatedwith the high pressures.Manufacturing

process improvements and possible alternative approaches to the lines and the high pressure flex-

joints can help reduce the cost contingencies currently carried in the baseline estimates for this

subsystem. Main propulsion system (NIPS) improvements can reduce the costs of this system by

20%.

A pressure-fed test bed can improve on the pressure-fed technology base. Two systems in

particular can benefit from such a test program: the pressurization system, and the pressure-fed

engine (Tlu'ust Chamber Assembly). The baseline pressurization system is a conservative design.

A pressure-fed test bed may provide justification for eliminating components in this system.

Additionally, testing the pressure-fed thrust chambers can provide the basis for cost saving

approaches to the manufacture of engines. Analysis of the ablative chamber in the pressure-fed

engine can provide valuable information on the performance and operating characteristics of such a

system. There is some margin for improving the injector design to improve manufacturability.

Proof of concept can provide the justification for moving to an injector with large orifices. The

improvements to these systems can provide a reduction in program costs.
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The cost benefits from improvements in these three areas are reflected in the technology

pressure-fed booster estimate. Again, these technologies are all near term. The result is a lower

LCC for the pressure-fed system when compared to the pump-fed system.

2.3 COSTING METHODOLOGY

The cost analysis task involved use of different estimating techniques depending on the

depth of information available. Four main types of techniques were utilized to some degree on this

program. The four types arc: detail estimates, parametric relationships, program wrap factors, and

throughputs (contractor/vendor supplied estimates.) In general, the engineering estimates were

achieved by using weight CERs. The analysis was then subject to further evaluation by comparing

estimates with analogous hardware and where possible, vendor quotes. In certain systems, (i.e.,

TPS) surface areas were considered when adjusting the weight-based CERs to a more realistic

measurement of cost impact from configuration to configuration. The goal was to obtain accurate

estimates by tesling each estimate for reasonableness.

The cost analysis methodology that we followed has an inherent system of checks and

balances that insures a test of reasonableness for each of the estimates. In addition to this system

for assuring reasonableness at the individual component and functional level, the system provides

for a review at the total program level. A number of things are done to define the integrity of the

cost and to provide reasonable boundaries for the estimates. The estimates given on a program are

usually point estimates; a more accurate picture., however, can be obtained by defining a range.of

program estimates based on the variables involved.

Sensitivitieswere performed to thebaselinegroundrulesand assumptions to determine the

impacts on the costforvarying theseparameters. The sensitivitiesaddressquestionslike-"What

are the costimpacts ifthe assumed learningcurves are not realized?"and "How does the launch

rateaffectthe unitcostof the boosters._'and "What technologiescould be developed toreduce the

cost?"and "When does a recoverableboosterbecome costeffective?"and "Iftherequirement for

spares is reduced, how will that affectcost?" The sensitivitiestry to address each of the

assumptions by consideringwhat the impacts are ifthe assumptions are not borne out by the

program.

Examples of the sensitivities arc addressed in detail in Section 5, but the following will

serve as a representative approach for bounding the cost (i.e. determining the appropriate high and

low learning curves to be considered.) The engine learning curves adopted for this program arc the
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result of Aerojet inputs based on their best assessment. The assumption, however, has significant

impact on the cost of the program. The question that must be addressed, is "What arc the cost

impacts for either increasing or decreasing the learning curve adopted?" The data available for

determining learning on previous engine programs served as a guide for selecting the range of

learning that should be considered.

Historical data suggests that the best learning curve attained for an engine production

program was 70.7%; the worst case was 96.0%. These provided the initial range to consider. The

range was further narrowed by analyzing the type of engine, the quantity produced, and the most

recent experience. The data suggested that the most probable range for engine learning is between

80.0% and 90.0%. The engine first unit cost was used to determine the engine LCC estimates

using three learning curves from this range. The analysis shows that the engine LCC range for

pump-fed engines is between $3,300M for a 80% learning curve to $6,400M for a 90% learning

curve. This data allows one to determine the impact that the true learning experienced on the

program will have on the program life cycle cosL The large difference in LCC estimates for the

learningcurves identifiedabove shows thatthesensitivityof thishardware clement isparticularly

strong. The 85% learningcurve adopted forthisprogram has a sound historicalbasisand itis

thereforeincludedinour baselinepointestimate.

This method was used for other subsystems as well. A specificlearning curve was

adopted foreach subsystem based on historicalprograms. The LCC pointestimateisbased on the

assumed ratesof learningforeach subsystem. But theidentifiedsensitivities(Section5) provide a

costassessment for alternateassumptions. The resultisan estimatingrange thatbounds thecost

based on any selectedsetof assumptions. One of thekey areasfor insuringprogram costtargets

are met and potentiallyreducingprogram costsistoattachincentivestotherateof learningactuaUy

experiencedon a contract.

Another method was used to provide a system of checks on the program estimates.The

Engineering estimateswere subjecttoa Finance type pricingmodel thatsimulateda proposaltype

pricingenvironment. Assessments of each areaof theestimatewcrc made including:manpower,

subcontractand material.An example of thatmethodology can be found inthe engine costtestof

reasonableness discussion in Section 2.4.3.1. This approach enabled the costs to be checked

againsta near-termpricingmodel, thusprovidingamore accurateestimate.

The detailedbasisfor each estimatecan be found inSection4 of thisdocument. For each

estimate,the level(i.e.,system, subsystem, etc.)thatthe estimatewas based upon, and the data
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source (i.e., ET actuals, parametric, detailed, etc.) for each estimate is identified. This enables

visibility into the level of confidence that can be associated with the estimate. The next section

describes each of the different types of estimating methods used in this study, and provides

representative approaches for each.

2.4 REPRESENTATIVE ESTIMATING APPROACHES

A sample of each of the four different types of estimating methods is presented below. The

purpose is to show the advantages of each type of methodology and associate each method with a

level of confidence in the derived estimate. A typical test of reasonableness is also included to

provide insight into the efforts that have been taken to provide accurate estimates for this program.

2.4.1 Detail Estimates

To demonsu'ate the detailed estimating methodology used for this program, the tooling,

facilities, and electron beam analysis examples will be appropriate.

2.4.1.1 Tooling Estimates

The tooling required for this program is very similar to the ET program tooling. The dome

assembly, tank wall assembly, and TPS application will all parallel the External Tank processes.

Since tooling is well known for the ET program, the estimates were made at the individual tool

level. Figure 2.4.1.1-1 identifies a tooling list that is representative of the complete tooling list.

The design hours were estimatedfor each tooland parametric relationshipsbetween the design

hours and the materialand buildcostswere used toestimatetoolingcosts.

The tools were divided into 12 different complexity categories. Table 2.4.1.1-1 lists the

twelve. The reason for dividing the tools into categories is that some tools are more labor intensive

than others, and some are very complex tools, requiring computer numerically controUed (CNC)

processes. Breaking the tools into these categories aUowed a more specific analysis of the tooling

requirements and a better estimate. The traditional CERs would consider the weight or size of the

vehicle and generate a top level estimate. The tooling approach used represents a detailed estimate

that can be verified by current El" tooling costs.
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DOME

TOOL DESCRIPTION

iT80Y501 1/4 DOME TRIM & WELD
RXTURE

1/2 DOME OFFLOAD 4

T80H704 114 DOME HANDLING 3
RXTURE

T80H705 1/2 DOME HANDLING 2

T80H728 1/4 DOME PANEL DOLLY 16

T80H729 1/2 DOME DOLLY 4

T80Y502 DOME BODY TRIM & WELD 2
RXTURE

DOME BODY OFF LOAD 2

T80H702 DOME/BARREL DOLLY 8

T80HT06 DOME BODY HANDLING 2

WELDING/MACHINING (Example)
SERVICE

QTY AREA FNDN
REQ'D REQ'D AIR PWR WTR SQ FT

2 20x20/Ea X X X 15 x 15

10x201Ea X X

: ,.

i
i

10x12/Ea

15118lEa

20x30 :

:; 20::!

::20x 20!

::::::::::::: :

X X X

CRANE

HT. CAP'Y

30 1 TON

30 1 TON

. °

15 x 15 30 1 TON

X X - - REF. REF.

Figure 2.4.1.1-1 Sample Tooling List/ Facilities Requirements Definition
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Structural

-simple
-normal

-complex
-very complex

Electrical

-simple
-normal

-complex
-very complex

Structural/Electrical

-complex
-very complex

Structural/Electrical

-complex
-very complex

(80/20)

(50/50)

Table 2.4.1.1-1 Tooling Cost Groups

2.4.1.2 Manufacturing Facilities Estimates

Another class of cost that typifies the detailed estimating approach that was used on this

program is the Facilities cost. The tooling requirements and the manufacturing flow diagrams

defined the facility requirements. Along with each tool definition, the required floor space,

building height, utilities, foundations, and crane coverages were defined. As shown in Figure

2.4.1.1-1, the facility requirements for each tool were defined at a detailed level. From this level,

facility CERs were used to determine costs based on the variables identified. This greatly enhances

the cost estimates since there is a step by step detailed estimating trail that can be followed. In

addition, it allows sensitivities to be performed on alternate construction processes with a high

degree of accuracy. This is true because each manufacturing process requirement can be pulled

and another substituted at any point in the production process. So this detailed approach to the

tooling and facilities estimates based on the manufacturing plan was valuable in optimizing

alternative methods of construction. This was exactly the approach that we used in performing the

electron beam welding trade.

2.4.1.3 Electron Beam Welding Trade

The electron beam welding trade study was initiated due to the need to reduce the welding

labor that is required for the pressure-fed vehicle. The Weldaliten'049 pressure-fed vehicle design

has weld lands on the order of 2.75 inches thick. The welding process that has been identified

calls for a seven pass operation using two existing weld technologies, plasma arc and GMA (which

requires two types of weld tooling). The ET weld process is a dual pass operation with only one

type of weld tooling required (plasma arc). The baseline LRB approach forces each Plasma
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arc/GMA weld seam to be labor intensive, in addition to the complexities of having two different

weld processes.

The electron beam welding process offers the promise of a dual pass operation for even the

thick pressure-fed structures. The advantages seem obvious, but a quantification of the savings

was needed. The direct labor requirements involved in each operation at each tool were analyzed.

To be complete, the tooling and facility requirements were also considered.

The direct welding and inspection labor costs were developed from the process

manufacturing plan mentioned earlier. Each of the weld positions and inspection stations were

manloaded for the plasma arc/GMA weld process. The manufacturing plan developed for the

electron beam welding process also identified specific tools, facilities and utilities, etc. This

manufacturing plan was then used to manload each of the work stations. Each operation at each

work station for the electron beam welding process was quantified based on a constant labor rate.

The direct labor requirements for the two processes were compared to each other based on this low

level, detailed analysis. The results of the analysis show that the direct welding and inspection

labor costs can be reduced by two-thirds by switching to electron beam welding. Figure 2.4.1.3-1

is a summary of the element analysis used to make the labor effort comparisons for the LRB major

structm'es.

The same low level detailed approach was used to determine the tooling and facility impacts

for switching to electron beam welding. The tools and the facility requirements for the electron-

beam welding process were identified in the manufacturing plans. The requirements were

compared on a tool-by-tool basis and a facility-by-facility basis. These details were then used to

estimate the tooling and facility cost impacts for the two concepts. The facility costs for the

electron beam process were also lower than for the plasma arc/GMA process. Facilities costs were

reduced by $15M. In addition, the tooling costs were less expensive by $14M. The detailed

analysis provides a high degree of confidence in the cost estimates between the two approaches.

This type of detailed analysis has been used throughout the structures subsystem.
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Pressurized Structure Plasma Arc/GMA Electron Beam

LO2 Tank Barrels

LO2/RP-1 Tank Domes

RP-1 Tank Barrels

Dome/Ring Frame (4)

(4)

2674

5680

677

1364

1013

804

533

632

TOTAL 10395 2982
Hrs Hrs

Plasma Arc/ GMA Direct Welding Labor Effort
Is 3.5 x Electron Beam

Figure 2.4.1.3-1 - EB Welding Element Analysis

2.4.2 Parametric Estimates

In reviewing our cost estimating approach, it is obvious that certain estimates still use Cost

Estimating Relationships (CERs). The difference between the parametric cost estimates described

here and the CERs used inthe detailedapproach,isthatthismethod isappliedto a more top level

parameter. For example in the facilitiesestimate,a CER was used to determine the cost of a

building based on the number of square feet,the height of the building,and the foundation

required.That isa prettyspecificCER.

The parametric estimates described here use CERs at higher functional levels. For

example, in the case of the facilities,a top levelparametric CER would be based on the square

footage only. The CER alone would not account for the foundation requirements, the height

requirements, or even unique subarcas of the same facility.More estimating riskwould be

inherent in this type of estimate. The cost analyst plays a key role in using parametric

relationships.The analystmust Rrstdetermine what datawas used todevelop theCER. And then,

adjustthe CER to compensate for the differencesin the basic data and the current situation.
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Obviously, this method is more uncertain than the detailed estimating method. The quality of the

estimates are more dependant on the quality of the analyst and their understanding of the

underlying data that make up the individual CERs.

Examples of this type of estimating can be found in subsystems such as the TPS. The TPS

CER is based on the number of pounds applied to the external tank. For the LRB application,

different thicknesses and and surface areas were involved. So the TPS CER was adjusted to

reflect the thickness and surface area parameters specific to the LRB. This adjustment provides a

necessary correction for this specific application.

2.4.3 Subcontractor/Vendor Supplied Cost Estimates

There are certain estimates that were obtained from vendors, or catalogues, or from current

program costs. These estimates are called throughputs. Examples of throughputs in this program

include: avionics and range safety system unit cost estimates. Our Avionics contractor,

Honeywell, assisted us by supplying the unit costs for components analogous to our LRB

requirements.This allowed us to develop the avionicssubsystem costsusing a more "bottoms up"

approach than than traditional weight based CER estimates. These avionics cost estimates were

input our LCC model as delivered. The underlying assumptions were challenged and subject to

review but the estimating methodology and the estimates stood up to reasonableness tests (i.e.,

alternate CERs and comparative avionics data bases.)

2.4.3.1 Contractor Supplied Estimates

As much as possible we attempted to challenge our subcontractor supplied cost estimates

with tests of reasonableness. For example, because Martin Marietta is not a prime engine

contractor, we relied on our engine subcontractor, Aerojet, to provide us with LRB engine cost

estimates. Their estimates were checked against 3 different (internal) engine subsystem estimating

approaches. The fn'st approach included utilizing traditional engine CERs we have acquired from

various industry cost models and comparing their output with the Aerojet estimates. The second

approach consisted of direct comparisons to "normalized" historical engine cost actuals. The third

approach included a comprehensive reorganization of the Aerojet cost estimates into a pricing type

format. The engine program costs were spread over time and the resources graphed in terms of

labor and non-labor classes of cost. A two-thirds versus one-third labor to material split was

assumed. The analysis showed that the headcount during the peak production years (112 units)

was around 5000 people. That's approximately 44 manyears (528 manmonths) per engine. In
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terms of dollars the labor equates to roughly $2.3M leaving $1.2M for material costs (the average

unit cost provided by Aerojet was roughly $3.5M.) With the assumed labor and material split, the

cost estimates seem reasonable. After passing this and the other two test of reasonableness, the

supplied engine cost estimates were deemed achievable and input as delivered.

2.4.3.2 Analogous Hardware Estimates

In like manner the current range safety system costs for the NSTS were input directly into

the cost estimate. These costs are published and reflect the current procurement price for this

subsystem. This type of estimate is used wherever possible since the hardware is currently

available, the LRB requirements were nearly identical, and the costs are well known. These

estimates are usually associated with a high degree of confidence.

2.4.4 Program Wrap Factors

The program wraparound costs are defined as a function of other areas of the cost estimate,

usually on a percentage basis. The cost relationship and percentages were derived from historical

Martin Marietta experience in similar aerospace programs. This type of estimate is commonly used

in the conceptual stage of a program where the functional requirements such as systems

engineering and integration (SE&I), test operations, and program management may not be well

defined.

These functions have certain boundaries that if exceeded would make a program too top

heavy. There is a practical limit, for instance, on the ratio of management to other functions.

Taking things to the limit, consider that a program would never come out with a one-to-one

management to touch labor split.

The program wraparound factors that are utilized are reasonable and supportable based on

experience. There is however, an area of opportunity here for reducing the costs with the initiation

of certain cultural changes that were addressed in Section 2.2.4. A cultural change approach

would consider past program histories a poor indicator of future (more efficient) operations.

Regardless, the historical factors were used in developing the baseline costs to provide supportable

estimates in place of overly optimistic estimates.
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2.4.5 Tests Of Reasonableness

Careful exercise in judgement must be made when extrapolating from a known hardware

database to an unknown piece of hardware. Nowhere is this more evident than in the case of the

pressure-fed booster. Most of the available cost data for boosters are for pump fed systems. The

question that must be addressed is "how can one accurately estimate what a pressure-fed booster

will costT'

2.4.5.1 Pressure-Fed Booster Test Of Reasonableness

This was our approach for estimating the pressure-fed booster costs. The main subsystems

that are called into question axe the structures and pressurization systems. These systems should

receive some scrutiny because of the limited historical database from which to draw. The booster

structures were broken down into "subcontract and material" and "labor" estimating categories.

This low leveldetailedanalysisidentifiesthe 'subcontractand material'and laborcostsfor

a particularhistoricalhardware element (e.g.the ET LH2 tank) and compares the materialand

manufacturing characteristics of the new hardware element with those of the historical element.

The step-by-step procedure used to determine the pressure-fed material, subcontract (milling), and

labor costs is a careful, detailed, logical approach that can withstand scrutiny. The following

example steps through this process for the pressure-fed propellant tank structures.

2.4.5.1.1 Subcontract And Material Estimates

For the propellant tank structures, an extensive database is available from the External Tank

and Titan programs. From that database there is substantial detailed cost available at every level.

Take forexample, theintricatemillingoperationsthattakeplace on theET. For the domes thereis

chemical milling and for the barrelpanels thereis mechanical machining to form the integral

stiffeners. Cost data is available for the material plate stock, the chemical milling operation, and

the machining operation. These incremental processes make up the material cost for the propellant

tanks. Each layer of subcontract and fabrication effort can be added to or subtracted from the

existing baseline. A step by step cost analysis of each manufacturing requirement was made to

determine similarities and differences between the ET and the proposed pressure-fed LRB

manufacturing processes.

The pressure-fed booster requires no chemical milling on the domes so the costs of the

chemical milling operations were subtracted out of the cost of the ET domes. Next, the operations
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performed on the barrel panels were considered. Machining is required for each of the ET barrel

panels. An average External Tank barrel panel is machined from (approximately) a 1.7 inch thick

plate of material. Integral stiffeners are left in each plate, and formation of these stiffeners is very

complicated. The final skin thickness is brought down to approximately 0.15 inches but is variable

from one side of the panel to the other. Contrast that to the pressure-fed booster. The pressure-fed

booster has forged barrels. There are no barrel panels that have to be machined and formed and no

panels that have to be welded longitudinally. Vendor quotes were obtained for forging the barrel

sections. This is the only subcontract effort required for the pressure-fed barrel panels.

The estimates reflect a material requirement based on a forged barrel. A 21,000 pound

ingot is required for the subcontractor to forge a single barrel. The final weight of the barrels is

just under 10,000 pounds. The material costs reflect the fact that there is over a 50% scrap factor.

In other words, the raw material price included in the baseline costs is based on 21,000 pounds per

barrel section.

The direct material costs were easily comparable. The 2219 and the Weldalitem049

compare at $2.00 and $8.00 per pound. The $8.00/Ib price for WeldaliterM049 reflects a

manufacturers projected supply price according to current schedules and the quantilies anticipated.

For each barrel section, the material requirements were estimated by multiplying the 21,0001bs by

$8.00/lb.

The material and subcontract estimates reflect on the detailed design that was developed for

this program. The detailed design enabled the estimates to rely on more than weight based CERs.

The estimates in this key area were developed at the component level in conjunction with current

manufacturers and suppliers thus enabling a high degree of confidence in the derived cost estimate.

2.4.5.1.2 Labor Estimates

The welding labor costs are based on the thickness of the weld land and the length of the

weld. The average ET weld land is less than 0.5 inches thick on average. The pressure-fed

booster weld land is approximately 2.75 thick. Labor costs are available for the ET based on a cost

per inch of weld. The labor costs for the pressure-fed booster were scaled-up for every 0.5 inches

in thickness since the process used for the El" is the same for thicknesses up to 0.5 inches. The ET

uses a Butt welding process. This process was broken down into its four basic components. First

there is alignment & cleaning; second a single keyhole weld pass; third a cosmetic weld pass, and

fourth X-ray and repair.
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The pressure-fed booster uses a J-groove weld. To account for the different weld

technique,theentireprocesswas broken down intoitscomponents with assistancefrom the MMC

Advanced Manufacturing Technology group. The detailed analysis was similarto the one

performed for the electron beam welding trade (see Section 2.4.1.3). The firsthalf inch

(thickness)isthe same as the ET process described above. Subsequent half-inchesrequirethe

followingfour stepprocess:clean and prep,GMA flU,GMA fill,and X-ray and repair.Standard

times for the two processes were compared based on fillrates for GMA welding. Not

surprisingly,the pressure-fedweld process was more labor intensiveper weld length (when

compared to the ET) because of the additionalweld passes required for these thicknesses.The

analysisprovided a detailedlaborcomparison based on the manufacturing process plans for the

two welding procedures.

Thus, a costestimatingrelationshipwas developed forthe two detailedprocesseson a cost

per inch (length)basis. This relationshipwas then used to determine the welding costsfor the

pressure-fed booster. These labor costs were compared with El" welding headcounts as a

"yardstick"measure. The resultswere acceptable labor headcounts for the quantity of weld

operationsdef'med.

Again, thedetaileddesigncoupled with a detailedmanufacturing processenabled intensive

comparisons of thisnew weld process with historicalwelding data. The resultisa costes_nate

that reflects the manufacturing processes involved rather than a more questionable weight based top

level estimate.
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3.0 LCC SUMMARY

The cost estimates are based on the groundrules and assumptions that were developed for

this study. The major groundrules and assumptions are listed in Table 3.0-1. The cost estimates

described below are exclusive of the 40% program wrap factors identified in the groundrules

except as noted. Additionally, the estimates are divided into two sections. One section addresses

the baseline life cycle costs: the other technology life cycle costs. Baseline pump and pressure

LRB cost estimates are summarized in Section 3.1 and the technology pressure-fed LRB estimates

are summarized in Section 3.2.

Phase Groundrules and Assumntions

General

DDT&E

Production

Opel"a_ons

Facilities

All costs are in Fiscal Year 1987 dollars

Government factors separately identified as follows
- Government Support 5%
- Management Reserve 25%
- Contractor Fee 10%

No discounting used
No SRB transition cost impacts included
No SRB flights delayed or cancelled

Ground test hardware includes GVTA, STA, MPTA, SETA, and
Shock and Acoustic Test Articles

Orbiter mass simulated for GVTA

Engines mass simulated for Shock & Acoustic Tests

Capabilitysizedforsteadystateof 14 per year

Separatelearningcurvesidentifiedforspecifichardware items
Production spares:Engines, 10%; Other subsystems,6%

10-Year operational program
Ramp rate 4, 8, 12, 14 launches; then 14 per year
122 flights total; (244 Boosters)
KSC and JSC operations excluded

Sized for steady state of 14 flights per year
Booster manufacturing facilities reflect MAF shared facility costs
MPTA, SETA, and engine component tests at Stennis
STA, GVTA, and Modal, Shock, and Acoustic tests at MSFC
KSC facilities arc included

Table 3.0-1 Programmatic Cost Groundrules and Assumptions
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The baseline vehicles were defined under groundrules thatminimized new technology

approaches. The intentwas tofirstdemonstrate thatliquidboosterswere a viablealternativetothe

currentsolidrocketboostersand only then toincorporatenear term technologiestoreduce program

costs.This approach benefitedthepump-fed boostersystem sinceno enabling technologieswere

identifiedand pump-fed technology is betterunderstood. In order to incorporate minimal

technology requirements intothe pressure-fedbooster,the manufacturing processeswere held to

well known technologies. An optimum pressure-fedsystem, however, would incorporatenear

term technology improvements (such as Electron Beam Welding) to reduce costs. While the

baselineLCC estimatesdo not incorporatethesebenefits,a separatepressure-fedtechnology LCC

estimate thatshows such benefitsisprovided. The technology LCC estimates arc detailedin

Section 3.2.

3.1 BASELINE LCC SUMMARY

Figure 3.1-1 identifies the life cycle cost estimates for both of the baseline vehicles (pump-

fed and pressure-fed), and a technology (pressure-fed) vehicle. The cost analyses performed

during this study show an eight percent smaller LCC for the baseline pump-fed LRB than for the

baseline pressure-fed LRB ($11.4B - pump; $12.413 - pressure). The DDT&E, facilities, and

R&T cost estimates for either booster are virtually the same. The Production/Operations estimates

for the baseline boosters account for nearly all of the LCC difference.

The DDT&E cost estimates represent approximately fifteen percent of the entire life cycle

costs ($1.6B - pump; $1.5B - pressure); Production/Operations accounts for roughly eighty

percent ($8.8B - pump; $9.8B - pressure); and Facilities a little over five percent of the total LCC

($0.8B - pump; $0.9B - pressure). The R&T estimates account for less than one percent of the

LCC ($0.010B - pump; $0.022B - pressure).

The cost drivers are the same, but order of magnitude different for the pump and pressure-

fed booster programs. The engine subsystem is the pump-fed booster program's primary cost

driver at $3.6]3 (production only), whereas the engine subsystem for the pressure-fed booster is

the primary cost driver at $2.4B (production only).
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Figure 3.1-1 - LRB Life Cycle Cost Estimates

3.1.1 Research And Technology

The cost estimates for the Research and Technology phase of the baseline program are less

than one percent of LCC. The research and technology phase of the LRB program is different for

the pump and pressure-fed boosters. The baseline pump-fed booster requires no enabling

technology breakthroughs. The baseline pressure-fed booster is constrained by enabling

technologies.

Total R&T estimates for the baseline pump-fed booster are $10M. R&T estimates for the

baseline pressure-fed booster are $58M. The pump-fed booster estimate is based on the enhancing

development of Weldalite_049. The pressure-fed booster estimate is based on the enabling
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technologies associated with the development of: Weldaliter_049 material, a pressurization system,

and an ablative TCA.

The final design material for both booster configurations is WeldaliterM049 because it

offers some advantages over a more common material - A1 2219. While Weldalitem049 is

incorporated in the pump-fed booster design, A1 2219 remains a sound back-up should problems

arise during the development of Weldaliter_KI49. A pump-fed booster design with AI 2219 would

be very similar to the current design. For the pump-fed booster, WeldaliterMtM9 is strictly an

enhancing technology.

The Weldaliter_049 material, however, is an enabling technology for the 1000psi booster.

It must be fully developed to meet the mission objectives of the baseline pressure-fed booster with

1000psi propellant tanks. For this pressure, our study effort found no other suitable material. (It

is important to note that stand-alone 1000psi tanks can be manufactured with material other than

WeldaliterM049, however, this study effort has found none that will be able to fly with the current

space shuttle system.) Estimates for the development of this material are approximately $10M

(applied to both pump and pressure baseline estimates.) The development of WeldalitemlM9 is

already under-way meaning that the LRB program will benefit from the progress already made.

This has lowered the cost estimate of this R&T item.

The baseline pressure-fed booster does require two other enabling technologies that are not

yet fully developed. The pressurization system will require a technology demonstration scale-up to

verify performance models and to provide information required prior to the design of a flight

weight system. Estimates for this R&T activity are approximately $12M. Additionally, the TCA

for the pressure-fed engine requires some technology advances. The ablative chamber will require

testing and verification prior to full scale development. Estimates for this activity are

approximately $12M. A test stand to accommodate R&T testing will also need modifications and

refurbishrnents estimated at $24M.

It is important to note that there is sufficient time available to develop these technologies

such that there will be no impact on the initial launch date. The scheduled fast launch date is

driven by the DDT&E phase and not the R&T phase.
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3.1.2 Design, Development, Test And Engineering

The DDT&E cost estimates represent approximately fifteen percent of the entire LCC. The

estimates (see Figure 3.1.2-1) are close for both the pump and pressure-fed systems ($1.6B -

pump; $1.5B - pressure), but the cost drivers are different. The engine design and test

requirements drive the estimate for the pump-fed boosters' DDT&E phase. The pressure-fed

booster program is driven by the structures, pressurization system, and MPS design and test

requirements (including hardware.)

DDT&E*

Expendable Pump Fed Booster DDT&E - $1.6B
Total Acaulsltlon- $2.4B Facllltles - $0.8B

Expendable Pressure Fed Booster DDT&E- $1.5B

Total Acouisition- $2.4B Facilities - $0.9B

* ._vernment Wrap_.._.ssExcluded (Add 40</o)

$1.0 mm.
o

 $o.e ,,',

,--_0)$0.4 _ .° c;e)
m _

$0.2 1 _ o *_

$o.0

Engine Tooling / SE&I,

Design & GSE Test Ops &
Test Management

Other
Ground Test

Hardware Systems
Deslgn

Facilities

Figure 3.1.2-1 - LRB DDT&E Cost Estimates By System
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The pressure-fed engine DDT&E costs are significantly lower than for the pump-fed

engine, but the engine savings are offset by increased DDT&E requirements for the structures,

pressurization, and main propulsion systems. The result is roughly comparable DDT&E costs for

pump-fed and pressure-fed programs.

Facilities costs are not included in the DDT&E estimates since they are addressed in the

Facilities phase. They are included in Figure 3.1.2-1 to provide an overview of the initial

investment cost required for the LRB program. As in keeping with the groundrules, there are no

flight tests included in the DDT&E phase. The f'trst flight is accounted for in the Production/

Operations phase.

3.1.3 Facilities Phase

The Facilities phase cost estimate accounts for almost five percent of the total life cycle

cost.There istittledifferencein thefacilitiescostestimatesforthepump and pressure-fedboosters

($0.8B - pump; $0.9B -pressure). The differencesare accounted for in the following manner.

The pump-fed engine testfacilitycosts are $25M greater because of the pump-fed engine

requirementforan additionalcellin thecomponent testfacility.But,thepressure-fedboostercosts

are $75M greaterbecause the pressure-fedboostermanufacturing facilitiesaxe greaterdue to the

larger,heavierstructuresand theincreasednumber of weld stationsrequiredfor the thickwalled

pressurizedstructures.The neteffectisa differenceof approximately$50M.

All new, modified, or rearranged facilities are included in the cost estimates for this phase.

The estimates reflect "rent-free" use of existing facilities and take into account all of the facilities

required to develop, test, manufacture, and launch NSTS liquid rocket boosters. The development

and manufacturing facilities are located at the Michoud Assembly Facilities (MAF) in Louisiana.

The manufacturing facility cost estimates are $277M for pump and $352M for pressure. The test

facilities are located at both the Stennis Space Center in Mississippi, and the Marshall Space Flight

Center in Alabama. Test facility estimates are $201M for pump and $176M for pressure. The

launch facilities are aLl located at the Kennedy Space Center in Horida. Launch facility estimates

are $322M for pump and $324M for pressure.

3.1.4 Production/Operations Phase

The Production and Operations phases of this program are combined into one phase for

estimating purposes. The Production estimates usually include the costs for reusable hardware

(e.g., reusable Solid Rocket Booster). The LRB Program, however, will utilize expendable
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boosterswhich would typicallybelong toan Operations phase sincethey are "consumable" items.

Thus the Production and Operationscostestimateshave bccn combined.

Figure 3.1.4-1 identifies the Production/Operations cost estimates. The Production/

Operations phase of this program accounts for roughly eighty percent of the LCC ($8.8B - pump;

$9.8B - pressure). The major LCC discriminator between pump and pressure-fed boosters can be

found in this phase. The production costs for the 244 baseline pressure-fed boosters is $1.0B

greater than for the baseline pump-fed booster. This difference alone accounts for almost the entire

eight percent difference in pump and pressure life cycle costs.
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$2.0

o
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=_ Production Cost

_ Pump $8.8B*
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• m __ = i •

"" "" " 'Z. ,_
• 1 ,_

; , -..-..----- ; ; ; ; ;

"l'Enginos Power Avionics Support/

Structurosl Propulsion A&CO Spares
TPS

Includes Engine Spares

Government Wraps Not Included (Add 40%)

Figure 3.1.4-1 - LRB Production LCC By System

The production/operationscostsfor thepump and pressure-fedboostersarc significantly

differentdue to three subsystem interactions. The three subsystem involved arc:engines,

structuresand propulsion.The engine subsystem providesthe pressure-fedboosterwith a distinct

production cost advantage over the pump-fed engines ($2.4B v.s.$3.6B). However, the

pressures introduced in order to accommodate the pressure-fed engine push the cost of the
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structures and propulsion subsystems past those of the pump-fed system. These cost increases

drive the overall Production/Operations costs of the pressure-fed system higher than the pump-fed

system. It should be noted that the pressure-fed structures costs are being driven by current

welding technologies and significant cost reductions in this area are achievable (see manufacturing

technology estimate).

First Unit Cost Comparison

4.89%

12.96%

7.42%
6.52% 12.37%

4.5 24.64%

78% 12.03

5 .96%

36"01% _______-_2.45%

Pump - $134.9M Pressure - $138.9M

(Average Unit- $36.0M*)(Average Unit- $40.2M*)244 Un ts

Structures 85% L

88% E

88% A

85% R

88% N

84% I

86% N
G

m Propulsion
BB Power

[Z] Engines

k-_ Avionics

m A&CO

Support /
Spares

Government Wraps Not Included (Add 40%)

Figure 3.1.4-2 - LRB First Unit Costs

As noted earlier,ground and mission operations are not included in the Production/

Olmrations estimates. The Production/Operations costestimatesdetailedhere includeonly the

deliveryof the LRB flighthardware to the launch site.A separateNASA study addressescost
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estimates from receipt of the LRB hardware to receipt of the next ship set (i.e., Orbiter/ET, vehicle

integration, mission operations, etc.)

The fin'st unit costs and the average unit costs of the pump and pressure-fed boosters are

shown in Figure 3.1.4-2. The groundrules provided for 244 boosters over the life of the program

and the production costs were based on this number of units. Also identified in the figure are the

various learning curves used in determining the baseline average unit production costs.

3.2 TECHNOLOGY LCC SUMMARY

3.2.1 Technology Approach

The baseline pressure-fed vehicle was defined under groundrules that minimized new

technology approaches. The intent was to first demonstrate that the pressure-fed booster was a

viable alternative to the pump-fed system and only then to incorporate near term technologies to

reduce program costs. The technology pressure-fed estimate incorporates these near term

enhancing technologies into the pressure-fed system. The technology pressure-fed estimate also

includes anticipated benefits developed from a CSTI technology test bed. The cost reductions

come from a combination of reduced hardware requirements and an improved database that will

reduce the contingencies carried for previously unavailable engineering data. The benefit of such

technologies is a reduction in program costs for relatively little investment cost. The technology

estimate incorporates improvements on the baseline pressure-fed vehicle in the three system cost

drivers: structures, propulsion, and engines.

The focus of the LCC discriminators between pressure and pump-fed boosters is based on

an understanding of the structures, propulsion, and engine subsystems. The understanding and

implementation requirements of a pressure-fed booster are limited by the maturity of the technology

base and the biases of attempting to access cost effective approaches from a predominantly pump-

fed data base. These enabling and enhancing technologies offer potential benefits to the pressure-

fed booster that can offset some of the significant cost penalties for this type of booster (due to the

structures and pressurization systems) and allow the low cost pressure-fed engine advantage to be

realized.

Certain key technology issues impact the baseline pressure-fed LCC estimate. These

technologies can be characterized as enabling or enhancing the development of the pressure-fed

booster. The enabling technologies that have the potential for cost reductions after development

include the large subscale test demonstration of the pressurization system and the thrust chamber
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assembly (TCA). The enabling Weldaliteu't049technology for the pressure-fedbooster isnot a

partof the technology costreductionanalysissinceno additionalbenefitsare expected. The two

enhancing technologiesthatwe have investigatedare thedevelopment of Electron Beam welding

and LRB recovery.

3.2.2 Enabling Technologies

The largesubscaletestdemonstration of thepressurizationsystem and TCA isparamount

to proceeding with the development of the pressure-fedLRB. Although pressurizationsystems

based on the same thermodynamic principleshave been builtbefore,none of thesesystems have

approached the sizeand mass requirementsof the LRB. A pressure-fedtestbed can improve on

the pressure-fedtechnology base. Additionally,thedemonstration of these systems outsideof an

intensivefullscaledevelopment program may identifya more costefficientdesignof theeventual

flightsystems. Two systems inparticularcan benefitfrom such a testprogram: thepressurization

system, and the pressure-fedengine (ThrustChamber Assembly). A CivilianSpace Technology

Initiative (CSTI) "technology" test bed has been proposed to test these systems.

In addition to demonstrating the enabling technology concepts feasibility, a major benefit of

a test program is the development of a pressure-fed technology database that will allow better

designs, improved manufacturability, and a resulting reduction in program costs. Baseline costs

assume full scale productionas currently designed. CSTI technology estimates include potential

reductions in the amount of and/or the complexity of the hardware required for these subsystems in

addition to improvements upon the current manufacturing _)cesses as a result of the analysis.

3.2.2.1 CSTI Technology Hot Gas Pressurization & TCA

While the pressure-fedbooster technology issues to be demonstrated under the CSTI

program arc consideredenablingforthe fullscaleimplementation of thepressurefed booster,cost

benefitsmay be realizedwith the applicationof thesetechnologiestothe design and development

ofthe pressurizationand engine flightsystems. These benefitsareachievableby a combination of

system simplificationand the experience provided by the technology demonstration priorto full

scale development.

The technology benefits identified for the pressurization system arc due to a potential

reduction in the complexity of the currently proposed flight system. The baseline system requires

the introduction of heat into the pressurant vessel during the expulsion of pressurant during flight.

Because of the LRB packaging constraints encountered by using ambient helium as a heat source,
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our flight system introduces heat by way of an external gas generator and internal heat exchanger in

the pressurant bottle. The internal heat exchanger introduces a large complexity into the design and

manufacturing of the pressurant tank. Several Martin Marietta proprietary approaches to the

introduction of heat could be tested within the CSTI program, thus providing low cost alternatives

to the current baseline flight system. The availability of the demonstration article would further

allow the investigation of a reduction in the number and size of the control valves. The benefits to

the pressurization system from the technology test bed is a cost reduction of 20%

The TCA demonstration program, another part of the CSTI test bed, will allow the

investigation of injector simplification to improve manufacturability. Proof of concept can provide

the justification for moving to an injector with large orifices: the benefit being simpler

manufacturing operations. A demonstration program would also provide a much needed data base

in the test and manufacture of the ablative chamber in the pressure-fed engine. Analysis of the

ablative chamber in the pressure-fed engine can provide valuable information on the performance

and operating characteristics of such a system. The improvements to these systems can provide a

15% reduction in engine system costs (10% from ablative chambers and 5% from injector

simplifications.)

The pressure-fedpropellantfccdlinesarccurrentlyestimatedhigh inrelationtothe pump-

fed NIPS inthe baselineestimatesdue tothe unknowns associatedwith the high pressures.While

the MPS is not an enabling technology, a pressure-fedtechnology program will benefit this

systcrn.Manufacturing processimprovements and possiblealternativeapproaches to thelinesand

thehigh pressure-flexjointscan helpreduce thecostcontingenciescurrentlycarriedinthe baseline

estimatesfor thissubsystem. MPS improvements priorto fullproduction start-upcan reduce

system costs by 20%. For accounting purposes thissavings is recorded in the enhancing

(manufacturing)technology LCC: not intheCSTI LCC (asshown in Figure 3.2.4-I).

3.2.3 Enhancing Technologies

The enhancing technologiesarcnot requiredforthe introductionof thepressure-fedLRB to

the STS, but ffdeveloped and incorporatedcontributeto a reduction in program costs. This is

differentthanthe enabling technologiesbecause theenabling technologiesarc requiredin orderto

be abletodevelop a pressure-fedLRB forthe STS.
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3.2.3.1 Electron Beam Welding

Our initial assessment of highly pressurized structures included a welding technique

adopted from our External Tank experience. Although these techniques (Plasma/Arc and GMA)

have proven effectiveon lightweight,low pressuretankage,the weld land thicknessof our I000

psia tankage makes thisprocess extremely labor intensiveand thus not cost effective. Our

advanced technology clcpartmcnthas identifiedElectronBeam welding as a very achievablenear

terrnalternativetothebaselineapproach.

The pressurizedstructuresinthe pressure-fedboosterarc very expensive with thecurrent

design and manufacturing processes defined. The weld lands on the barrel sections arc

approximately 2.75 inches thick.The weld process callsforone keyhole buttweld followed by

six separate fillpasses. The electronbeam welding process callsfor only one keyhole pass

followed by a singlecosmetic pass. This welding isperformed ata singlestationwhich reduces

transportationcosts.Additionally,the inspectionand rework operationsarc significantlyreduced

due to fewer passes and the improved weld strength.The resultissignificant- amounting to a

30% reduction in structures costs.

Detailedanalysisshows thatthe introductionofElectron Beam welding intothe pressure-

fed booster manufacturing process reduces the amount of directweld labor by a factorof 3.5.

Since the baselinewelding costestimatesaccountfornearly50% of the totalbaselinepressure-fed

structuresthisprocessprovides a significantcostreductionover thebaselineLCC. The analysisof

both the baselineand technology welding requirementsisbased on thedetailedmanufacturing and

toolingplans and was performed atthe subassembly level.The directweld laborcomparison is

shown in Figure 3.2.3.1-1for comparative purposes. Incorporatingthese technology benefits

bringstheProduction oostestimatesof the pressure-fedstructuresto within15% of thecomparable

pump-fed structuresestimates.Additionally,DDT&.E and Facilityphase costbenefitswould bc

realizedbecause of thereduced facilitiesand toolingrequirementsof electronbeam welding.

In additiontothe benefitsconsideredabove,electronbeam welding can potentiallyreduce

the thicknessof the weld landsdue tothehigherspecificstrengthof the welding process. Another

approach could includekeeping the thickerweld lands and increasingthe allowable number of

weld inclusionsthusreducing the amount of rework and repairactivity.Such a design would not

be the most efficientpossible,but could reduce costsby making the manufacturing process more

'tolerant.'The costsavingsforthisapproach were not quantified,but theconcept isbrought up as

an alternativetothecurrentculturaldesignapproach.
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Figure 3.2.3.1-1 - EB Welding Element Analysis

3.2.3.2 LRB Recovery�Reusability Assessment

An analysis of the technical and economic feasibility of LRB recovery and reuse was

performed at the trade study level during the course of this study. The booster recovery/reuse

operational approach was similar to the current SRB water recovery, launch site disassembly and

depot refurbishment cycle. The analysis is discussed in detail in section 7.16.

Although the costanalysisresultsdemonstrated thatrecovery and reuse of certainbooster

subsystems could provide LCC savings of as much as 7 to 10% over expendable boosters,

uncertaintyinnoncost variablesincludingcomplexity,safety,maintainability,and riskoverruled

the costresultsinfavorof expendable boosters.Additionalissuescontributingtothe choice of an

expendable baselineincluded the magnitude of reusableboostercostsavings(only 7 to 10%) and

the relativeuncertaintyinkey reusableboosterassumptions such as refurbishment requirements,

booster servicelife,attrition,and which systems had potentialreuse aftersaltwater impact and

intrusion.A largepartof the uncertaintyin our reusableboosterassumptions was due the lackof
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or inability to obtain a sound historical data base from which the assumptions could be

substantiated.

Section 7.16 provides the results of some key sensitivity analyses with respect to the

assumptions that led us to showing the minimum savings provided by reusable boosters. The

sensitivities clearly show that two factors need further analysis before a final reusable/expendable

booster decision can be comfortabl.y made. The two further analyses should include a detailed

analysis of refurbishment requirements and an assessment of the minimum cost achievable for

expendable systems, especially engines (i.e., as engine costs grow reusability is more attractive.)

From a hardware perspective, the concept of reusable systems makes more sense than the singular

use of high cost spacecraft hardware. But, without a thorough analysis and understanding of

"real" refurbishment requirements, reusability also has many more inherent risks that could

ultimately cause significantly increased LCC.
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3.2.4 Life Cycle Cost Comparison of Pressure-Fed Technology Benefits

The LCC estimate summary bar chart (Figure 3.2.4-1) illustrates the relative conservatism

of the baseline pressure-fed booster estimate with respect to the baseline pump-fed LCC estimate.

Many of the uncertainties are due to immature technology definition for the pressure-fed structures

manufacturing and propulsion system definition. The technology cost benefits shown include the

application of Electron Beam welding to the pressurized structures and MPS improvements

($1.6B); and expected configurational savings in the pressurization system and pressure-fed engine

resulting from the CSTI technology program ($0.8B).
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Figure 3.2.4-1 . Technology LRB Life Cycle Cost Estimates
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3.2.5 Technology Average Unit Cost Comparison

The average unit cost by subsystem (Figure 3.2.5-1) highlights the expected LCC

reductions of the major subsystems with the application of the technologies identified. The

baseline average unit cost estimates for the pump-fed and pressure-fed booster are $36M and

$40.2M respectively. The technology programs identified include the structures manufacturing,

pressurization system and TCA. The net benefit in unit cost reductions provides a revised unit cost

estimate of $33.6M for the pressure-fed booster. The reductions are due to the decrease in

manufacturing weld labor (structures and propulsion) and potential configurational changes in the

pressurization system and engine. These savings are provided directly as a result of the expected

data base and manufacturing techniques developed under the two technology programs.

Cost Subs' ,stem

I'---I Structures

Propulsion

Power

Engines

Avionics

A&CO

i_ Support

TOTALS

Q
CQ. ¸

im
me_E
t_a.
m

$4.7M

$2.8M

$1.2M

$14.9M

$6.3M

e)
q,lt.
c:3

omm

B ¢fj

G)t_t..
ma.

$9.5M

$6.4M

$1.2M

$10.0M

$6.1M

o:

$6.1M

$5.7M

$1.2M

$10.0M

$6.1M

°-
$6.1M

$5.2M

$1.2M

$8.5M

$6.1M

$1.6M $1.6M $1.5M $1.4M

$4.5M $5.4M $5.1 M $5.1M

$35.7M$36.0M $40.2M $33.6M

Figure 3.2.5-1 - Technology LRB Average Unit Costs
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4.0 COST BY WBS AND BASIS OF ESTIMATE

The LRB program cost estimates reported by WBS element are presented in this section.

The estimates for the LRB hardware system elements (i.e., structures, propulsion, etc.) were

estimated by program phase and function as defined in the WBS dictionary (Appendix A). The

groundrules and assumptions used to conduct the cost analysis task are presented in Section 3 of

this document. The following discussion of the cost estimates is organized by major program

phase (i.e., R&T, DDT&.E, Production/Operations, and Facilities.)

4.1 R&T

The cost estimates for the Research and Technology phase of the program arc less than one

percent of LCC. The research and technology phase of the LRB program is different for the pump

and pressure-fedboosters.While thebaselinepump-fed boosterrequiresno enabling technology

breakthroughs,thebaselinepressure-fedboosterisconstrainedby enabling technologies.

The pump-fed and pressure-fedLRB technologiescan be classifiedas eitherenhancing or

enabling.While thepump-fed boosterimplementationrequiresno new enabling technologies,one

enhancing technology was incorporated into the pump-fed booster in order to enhance the

performance and minimize the cost. That technology isWeldalitew049 - an aluminum lithium

alloythatispresentlyunder development.

The pressure-fed booster technology requirements consist of a number of enabling

technologies includingWeldalitem049 structures,largescalepressurizationsystem, and thrust

chamber assembly demonstrations. A separateestimateisprovided for the pressure-fedbooster

thatincorporatesseveralenhancing technologies.A discussionof the baselineR&T costestimates

follows.

4.1.1 R&T Basis of Estimate

The basisforthe R&T Weld technology estimateisthe resultof an analysisby the MMC

advanced manufacturing technology (AM'r) group. The pressurizationsystem estimateistheresult

of a component analysisof a pressurizationsystem technology program. The TCA estimate is

based on pursuitof aTCA technology program where pressure-fedTCAs arc procured and tested

with both partial and full duration fLdngs. The estimate for the test stand required for testing the

pressurization system and the TCAs is based on a detailed analysis of the various test stand
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systems and facilities requirements. It is important to note that there is sufficient time available to

develop these technologies such that there will be no impact on the initial launch date. The

scheduled first launch date is driven by the DDT&E phase and not the R&T phase.

4.1.2 R&T Detailed Cost Estimate

The total R&T estimate for the baseline pump-fed booster is $10M. The R&T estimate for

the baseline pressure-fed booster is $58M. The baseline pump-fed booster csdmate is based on the

enhancing development of Weldalitenq)49. The baseline pressure-fed booster estimate is based on

the enabling technologies associated with the development of: WeldaliterM049 material, a

pressurization system, and an ablative TCA. Electron beam welding and potential CSTI benefits

are not included in the baseline pressure-fed estimate.

The final design material for both booster configurations is Weldalitem049 because it

offers some advantages over a more common material - AI 2219. While WeldaliterM049 is

incorporated in the pump-fed booster design, AI 2219 remains a sound back-up should problems

arise during the development of Weldaliten'_349. A pump-fed booster design with A12219 would

be very similar to the current design. For the pump-fed booster, WeldaliterM049 is strictly an

enhancing technology.

The WeldaliterM049 material, however, is an enabling technology for the 1000psi booster.

It must be fully developed to meet the mission objectives of a pressure-fed booster with 1000psi

propellant tanks. For this pressure, there is no alternative material. (It is important to note that

stand-alone1000psi tankscan be manufactured with materialotherthan Weldaliten_49, however,

thisstudy efforthas found none thatwillbe ableto flywith thecurrentspace shuttlesystem.) The

estimate for the development of this material is the same as for the pump-fed booster - $10M. The

development of Weldalitem049 is already under-way meaning that the LRB program will benefit

from the progress already made. This has lowered the development cost of this R&T item.

The baseline pressure-fed booster does require two other enabling technologies that are not

yet fully developed. The pressurization system will require a technology demonstration scale-up to

verify performance models and to provide information required prior to the design of a flight

weight system. Estimates for this R&T activity are approximately $12M. Additionally, the TCA

for the pressure-fed engine requires some technology advances. The ablative chamber will require

testing and verification prior to full scale development. Estimates for this activity are

approximately $12M. A test stand to accommodate R&T testing will also need modifications and
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refurbishments estimated at $24M. The complete R&T cost for a pressure-fed booster program is

$58M.

4.2 DDT&E

The DDT&E cost estimates represent approximately fifteen percent of the entire LCC. The

estimates axe close for both the pump and pressure-fed systems ($1.6B - pump; $1.5B - pressure),

but the cost drivers are different. The engine design and test requirements drives estimates in the

pump-fed boosters' DDT&E phase. The pressure-fed booster program is driven by the structures,

and pressurization system, and NIPS design and test requirements (including hardware.) The

pressure-fed engine DDT&E costs are significantly lower than for the pump-fed engine, but the

engine savings are offset by increased DDT&E requirements for the structures, pressurization, and

main propulsion systems. The result is roughly comparable DDT&E costs.

Facilities costs are not included in the DDT&E estimates since they ate addressed in the

Facilities phase. As in keeping with the groundrules, there arc no dedicated flight tests included in

the DDT&E phase. The first flight is accounted for in the Production/Operations phase.

4.2.1 DDT&E Basis of Estimate

Table 4.2.1-1organizesthe primary LRB systems (structures,propulsion,etc.)againsta

matrix identifyingthe method in which the engineering estimateswere made. In general,the

engineering estimates were arrived at by weight CERs or as a percentage of first unit cost. In

certainsystems (TPS and structures)surfaceareaconsiderationswere made in order toadjustthe

weight based CERs to a more realistic measurement of cost impact in going from configuration to

configuration. Wherever possible the CER based estimates were compared to vendor quotes or

historicalprogram actualsin ordertoassessthevalidity/reasonablenessof thoseestimates.

Table 4.2.1-2 highlights the DDT&E support functions in a manner similar to the

engineeringbreakout above. The supportfunctionscan be categorizedas program wraparound,

CER derivedor discretetypesof estimates.

Program wraparound costsaxe thosecoststhataredefined as a functionof otherareasof

the cost estimate,usuallyon a percentage basis. The costrelationshipand the percentages arc

derived from historicalMartin Marietta experience in similaraerospace programs. This type of

estimateiscommonly used inconceptual program estimates(i.e.,priortoPhasc C/D). Thc areas
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of cost where this method was applied include SE&I, test operations, test fixtures and program

management.

Subsvstem Level of Estimate

Structures Primary Assemblies

Propulsion

Power

Avionics

Engines

Recovery

TPS

GSE

Primary Assemblies

Hydraulic and Elec-
U'ical systems
components

Individual components
and integration
functions

Unit Level

Individualcomponents

and integration
functions

Unit Level

Discrete Equipment lists

Basis of Estimate

Weight and surface area
CElLs and discrete estimates

Weight and thrust CERs

CERs and discrete estimates

CERs and discreteestimates

Vendor quotes

CEILs and vendor quotes

Weight and areaCEILs

Historical programs

Table 4.2.1-1 - DDT&E Engineering Basis of Estimate

A discrete cost estimating technique was used to develop estimates for the DDT&E support

cost functions. Tooling and test hardware were estimated based on detailed equipment lists. In the

case of tooling, our production operations department worked a bottoms up assessment of the

manufacturing and floor space requirements for each of the configurations. The tooling design and

fabrication, subcontract, and material requirements were determined on a tool by tool basis.

Ground test hardware requirements were arrived at by assessing each test article (GVTA, STA,

etc.) on a subsystem by subsystem basis (e.g. complete structures required, mass simulate

engines). This approach allowed a complete definition of each of the test articles on a subsystem

basis. Subsystem unit cost estimates were then used to develop the total test hardware estimate.
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Tooling

Test
Hardware

Test

Operations

Test
Fixtures

SE&I

Program
Managenaent

Level of Estimate

Primary assemblies

By individual test
articles (i.e. GVTA,
STA, etc.)

By individual test
article requirements

Total Program

Total Program

Area of functional

requirements

Basis of Estimate

Discreteestimatesby MMC

productionoperations

depa_,'m nt

Unit cost of hardware

component requirements

Historical MMC program
experience

Historical MMC program
experience

Historical MMC program

Historical MMC program
experience

Table 4.2.1-2 - Nonrecurring Support Functions Basis of Estimate

4.2.2 DDT&E Detailed Cost Estimate

For cost estimating completeness, the DDT&E functions (i.e., program management,

engineering, manufacturing, test, and operations) were defined to their respective subfunction

levels:

-Engineering Subfunctions: SE&I; design and development; software engineering.

-Manufacturing Subfunctions: tooling and special test equipment (STE); and

ground test hardware.

-Test Subfunctions: system test operations; test fixtures.

-Operations Subfunctions: operations support; launch support.

The costs for these subfunctions total $1.6B and $1.5B for pump and pressure systems.

Table 4.2.2-1 summarizes the DDT&E costs by WBS subfunction and LRB subsystem

element for both baseline boosters. The major cost drivers for the pump-fed and pressure-fed
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programsareslightly differenL The DDT&E Pump-fed cost drivers - in order of significance - are

Engine design and test ($616M), Ground test hardware ($381M), and SE&I/Test Operations &

Management ($356M). The DDT&E Pressure-fed cost drivers - in order of significance - are

Ground test hardware ($443M), Engine design and test ($441M), and SE&I/Test Operations &

Management ($311M). The engine design and test subfunction does not include engine test

hardware. Engine test hardware costs are included in the ground test hardware subfunction.

The DDT&E estimates were lowest for most pump-fed subsystems when compared to a

pressure-fed booster. This is true for the ground test hardware ($381M vs $443M), tooling and

GSE ($174M vs $197M), and "other systems design" ($127M vs $163M). The pressure

subsystems were lower than the pump subsystems for the engine design and test ($441M vs

$616M), and SE&I, Test Ops and Management ($311M vs $356M).

System Pumn Estimate Prfssure Estimate

Design and Development
Structures

Propulsion
Power
Avionics

Engines
TPS
GSE

GSE

Tooling
Ground Test Hardware

Test Ops/Fixtures

Program Mgt

748.6 M 609.2 M
55.2 M 63.9 M
27.0 M 54.5 M
12.6 M 12.6 M
26.6 M 25.4 M

616.1 M 440.8 M
5.7 M 6.6 M
5.4 M 5.4 M

61.0 M 61.0 M
106.0 M 128.8 M
380.8 M 443.8 M

78.6 M 73.7 M
187.1 M 152.3 M

90.1 M 84.5 M

TOTAL 1,652.2 M 1,553.4 M

Table 4.2.2-1 - DDT&E Cost Estimate (1987 $M)

The engine design, test, and test hardware required for the engine subsystem comprise the

largest portion of DDT&E costs. The test program that has been outlined qualifies the engines at a

99% confidence level allowing for two failures during testing. A significant reduction in

qualification time and costs can be achieved by lowering the confidence level required of the

engines. The LRB program has provided some justification for doing this. The LRB currently has

the ability to make mission/orbit with one engine out at lift-off. In addition, the LRB has the
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capability to verify the health of the engines before lift-off: there is a hold-down capability.

Reducing the number of qualification tests then, could still provide an equivalent flight margin.

This route was not taken, but should be considered to substantially reduce program costs.

The disparity in engine development costs between pump and pressure-fed engines is

worthy of some discussion. The pump-fed engine is a regeneratively cooled engine and it can be

reused for testing with little effort. The pressure-fed engine, however, has an ablative chamber

that must be replaced after several tests (depending on the test duration). The nature of these two

engines require twice (30 versus 15) as many test articles for the pressure-fed engine program as

for the pump-fed. This is one reason for the disparity between pump and pressure ground test

hardware costs (the other is larger/additional strucum'.s/pressurization subsystems).

The test program, however, is more difficult for the pump-fed engines. The turbo-pumps

must be qualified whereas, there are none in the pressure-fed engines. The number of tests

required for the pump-fed engines is roughly 900, whereas, the pressure-fed engine only requires

(approximately) 600 tests. This accounts for the cost of the pump-fed engine test program being

fifty pen:ent greater than the pressure-fed engine test program.

The ground testhardware requiredtosatisfyallprogram testingisidentifiedinTable 4.2.2-

2. The requirements were identifiedat the subsystem level ensuring minimum hardware

requirements. The stntcmms system providesan example of the subsystem detailthatwas used to

generatethe hardware rcqui_ments. Each of the lower levelsubsystems (e.g.,nosecone, forwarkl

skirt,etc.)were added togetherto definethe equivalentamount of totalsystems required (i.e.,

structuresfor thisexample). This accounts for the fractionalnumber of unitsrequired at the

system level.

The toolingestimatesfor the programs were generated from discretetoolinglists.The

pressure-fedboosterprogram has lessexpensive engines, but the structuressubsystem requires

many more weld stationsin comparison to the pump-fed booster. This isthe resultof the thick

weld lands required on the pressure-fedbooster. The identifiedwelding plan incorporatestwo

differenttypesof weld tooling-Plasma Arc and GMA. There arc differenttoolsforeach process

which increasesthe totalquantityof weld toolsrequirccL

The DDT&E costs for the test operations/fixtures and SE&.I and Program management are

all lower for the pressure-fed booster. These costs are based on the cost of the DDT&E program.

The results foUow the trend in general for lower development costs for the pressure-fed booster.
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System Pumn Units Pressure Units

Structures/TPS 5.15 5.45

-Nosecone (3) (3)
-Forward Skirt (5) (5)
-tntertank (5) (5)
-OxidizerTank (6) (6)

-FuelTank (6) (6)

-Aft Skirt (6) (6)
-Thrust Structure (6) (6)
-Interface Hardware (5) (5)
-TPS (1) (1)

Propulsion 1.30 2.75
Power 2.05 2.05
Avionics 3.15 3.15

Engihes 15.00 30.00

Table 4.2.2-2 . DDT&E Ground Test Hardware Requirements

4.3 PRODUCTION/ OPERATIONS

The Production and Operations phases of this program are combined into one phase for

estimatingpurposes. The Production estimatesusuallyinclude the costsfor reusable hardware

(e.g.,reusable Solid Rocket Booster). The LRB Program, however, will utilizeexpendable

boosterswhich would typicallybelong to an Operationsphase sincethey are"consumable" items.

Thus the Production and Operations cost eslirnates have been combined.

The Production/Operations phase of this program accounts for roughly eighty percent of

the LCC ($8.8B - pump; $9.8B - pressure). The major LCC discriminator between pump and

pressure-fed boosters can be found in this phase. The production costs for the 244 baseline

pressure-fed boosters is $1.0B greater than for the baseline pump-fed booster. This difference

alone accounts for almost the entire eight percent difference in pump and pressure life cycle costs.

4.3.1 Production/ Operations Basis of Estimate

Production functions arc divided into the following subfunctions: SE&I, engineering

design and development, tooling, and STE. Operations functions included in the LCC analysis

include LRB propellants and related GSE. Other Operations costs were studied in-depth under

separate contract and are excluded from this LCC analysis.
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Subsystem

Structures

Propulsion

Power

Avionics

Engines

TPS

A&OD

GSE (production)

Sustaining
Tooling

Sustaining
Engineering

Program
Management

GSE (operations)

Propellant

Level of Estimate

Assemblies/
Individual Components

Primary Assemblies

Hydraulic and Elec-
trical systems
components

Individualcomponents
and integration
functions

Unit Level

Unit Level

Unit Level

Equipment lists

Unit Level

Unit Level

Unit Level

Equipment lists

IndividualComponents

Basis of Estimate

Weight and surface area
CERs and discrete estimates

and vendor quotes

Weight CERs for pump and
pressure and analogy for
pump

Vendor cost estimates

Vendor cost estimates

Vendor cost estimates

Weight CERs/surface areas

Historical MMC

exp_'lcAg

Design hours with
individual complexities

Historical MMC

exp_i_nce

Historical MMC program
experience

Historical MMC program
experience

Design hours with
individualcomplexities

Weight CERs/vendor cost
esRmates

Table 4.3.1-1 . Production/ Operations Basis of Estimate

The large production quantity was a major factor in developing the manufacturing

approach. This approach uses hard tooling for the precision manufacturing requirements of large
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structures in a repetitive production environment. Careful consideration was also given to

optimizing the make/buy plans and applying integrated manufacturing techniques to achieve the

most efficient manufacturing flow layout to minimize production costs. The production cost for

the baseline pump-fed booster program is $8.8B; for the baseline pressure-fed program - $9.8B.

The production costs of the different subsystems were estimated at various levels and used

several different techniques. The basis for each of the subsystems is listed in Table 4.3.1-1. The

engines and avionics were basically throughputs from the study team members. Honeywell

supplied the avionics and power estimates, and Aerojet provided the engine cost estimates. The

estimates were tested for reasonableness and incorporated into the estimates when appropriately

analyzed.

The structures estimates were originally determined by using weight based CERs.

Analysis of many of the alternatives traded during the course of the study required further analysis

of this subsystem. Trades such as, the engine chamber pressure trade, the integral skin-stringer

trade, and the electron-beam welding trade were best performed at the assembly and subassembly

level. Hence, a significant amount of the structures analyses were performed at the assembly and

subassembly level. The structures subsystem relied to a large degree on the ET costs for a basis of

estimate.

The propulsion subsystem also borrowed from experience on the El'. The propulsion feed

lines of the pump-fed booster, for example, are exactly the same size as the propulsion lines for the

ET. The ET then, provided analogous hardware to use as the basis of esdartate.

S u bs vs t e m Pumo Pressure

Structures 85% 85%

Propulsion 88% 88%
Power 88% 88%
Avionics 88% 88%

Engines 85% 85%
TPS 88% 88%

Assembly & Ck/out 84% 84%

Table 4.3.1-2 - Production Learning Curves
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One of the important impacts on the cost of the program can bc found in the learning curves

adopted for the program. The production costs can vary significantly depending on the production

learning curve realized by each of the production lines associated with the boosters. The next

section (4.3.2) provides a detailed assessment of the cost of the production phase of this program.

Table 4.3.1-2 provides a listing of the various learning curves adopted for each of the subsystems.

Section 5 provides an analysis of the cost impacts for alternate production learning curves for each

subsystem and assembly process.

4.3.2 Production Detailed Cost Estimate

The estimated f'wst unit pump-fed LRB costs are $134.9M (Table 4.3.2-1). The most

significant cost drivers for the pump-fed booster are the engines (set of four - $74.2M), avionics

($17.5), structures ($15.9M) and propulsion ($7.8M). The estimated first unit pressure-fed LRB

costs are $138.9M (Table 4.3.2-1). The most significant cost drivers for the pressure-fed booster

are the engines (set of four - $50.0M), structures ($33.3M), propulsion ($17.9M), and avionics

($16.7).

Subsystem Pumo Estimate Pressure Estimate

Structures 15.9 M 33.3 M
Propulsion 7.8 M 17.9 M
Power 3.4 M 3.4 M
Avionics 17.5 M 16.7 M
Engines (set of 4) 74.2 M 50.0 M
TPS 0.8 M 0.9 M

Assembly & Ck/out 6.6 M 6.3 M
Sustaining Tooling 1.1 M 1.3 M
Initial Spares 1.7 M 2.3 M

Sustaining Engineering 3.3 M 4.2 M
Program Management 2.6 M 2.6 M

TOTAL 134.9 M 138.9 M

Table 4.3.2-1 - First Unit Cost Estimates (1987 $M)

The production learning curves are applied to the first unit costs. The results provide the

cost of the entire production program for the 244 boosters required for the flight rates set forth in

the groundrules. The average unit costs for the baseline boosters are identified in Table 4.3.2-2.
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Subsystem Pumn Estimate Pressure Estimatf

Structures 4.4 M 9.2 M

Propulsion 2.8 M 6.4 M
Power 1.2 M 1.2 M
Avionics 6.3 M 6.1 M

Engines (set of 4) 14.9 M 10.0 M
TPS 0.3 M 0.3 M

Assembly & Ck/out 1.6 M 1.6 M
Sustaining Tooling 0.5 M 0.7 M
Initial Spares 0.9 M 1.2 M
Sustaining Engineering 1.7 M 2.2 M
Program Management 1.4 M 1.3 M

TOTAL 36.0 M 40.2 M

Table 4.3.2.2 - Average Unit Cost Estimates - 244 Boosters (1987 $M)

Operations functions include propellant and GSE. The recurring costs per (booster) flight

for propcUants and GSE is $642K (or $1.284M/Launch Set.)

4.4 FACILITIES

The Facilities phase cost estimate accounts for almost five percent of the total life cycle

cost. There is little difference in the facilities cost estimates for the pump and pressure-fed boosters

($0.8B - pump; $0.9B - pressure).

All new, modified, or rearranged facilities axe included in the cost estimates for this phase.

The estimates reflect "rent-free" use of existing facilities and take into account all of the facilities

required to develop, test, manufacture, and launch NSTS liquid rocket boosters. The development

and manufacturing facilities axe located at the Michoud Assembly Facilities (MAF) in Louisiana.

The test facilities axe located at both the Stennis Space Center in Mississippi, and the Marshall

Space Flight Center in Alabama. And the launch facilities are all located at the Kennedy Space

Center in Florida.

4.4.1 Facilities Basis of Estimate
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The facilityrequirementsassessedfortheLRB program includethemanufacturing,testand

launch processingareas. All facilityimpacts are included inthe estimates.Table 4.4.2-I shows

the facilitiesareasand thedepth and basisofestimateforeach.

Tvoe Level of Estimate Basis of Estimate

Manufacturing Specificmanu- Discreteestimatesby MAF

factoring areas facilities department

Test Specific Test stands, etc. Analogous Facilities
Conversations with Pan Am at
Stennis.

Launch/Launch

Processing
Specific Launch facilities KSC actualsper space

and functionalrequirements

ParallelStudy Inputs

Table 4.4.2-1 . Facilities Cost Basis of Estimate

The manufacturing facilityrequirementsare based on an approach thatwould make use of

existing space available at MAF in order to minim_" e the cost and resource impacts. The estimates

were provided by our MAF Facilities department personnel. Each configuration was

independently assessed and associated with the manufacturing facility estimate consisting of

relocating current occupants of those areas, removing walls, and preparing the area for the

manufacturing activities associated with LRB production. Analogous facilities already in use for

the ET contract provided the basis for the rnanufacmring facility estimates. The facilities equipment

lists have been coordinated with the production department to ensure no duplication between

tooling lists and facility equipment lists.

The manufacturing facilitiesestimateswere developed by using the complete dcf'mitionof

the production process and the areas required for the hard tooling. The discretelistof tools

developed forthisprogram provided informationon thearearequiredforeach tool,thefoundation

requirements, the crane coverages required and the utilityservices (e.g.,water, electric,gas)

required for each tool. This def'mition provided the basis for the manufacturing facility estimates.
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The testfacilitiesrequiredof thisprogram includesimilartypesof existingfacilities.The

analogous facilitiesprovided the basisof estimate for allof the new constructionand facility

modifications.The singleengine teststandsand main propulsion teststandsare similartocurrent

facilitiesatthe John C. Stennis Space Center in Mississippi.The tank modal and structuraltest

facilities already exist at MSFC in Alabama.

The basisforthe Launch facilityestimatesistheexistingdatabaseof previousconstruction

and modification programs at KSC. The launch facilityimpacts assessed include the new

constructionand outfittingof a horizontalprocessing facilityat KSC, for the receiptand final

close-outof the boosters. Functionally,both pump and pressure-fedboosterconfigurationshad

similarrequirementsinthisare& Any differenceswcrc due to thevolume constraintsof thelarger

configurations.

In additiontothe launch processingfacility,a new ET horizontalcheck-out facilitywillbe

required to make the VAB cellsavailableduring SRB transition.This facilityrequirement goes

away ffthe constraintagainstmissing any Shuttleflightsisdropped. The Vandenbcrg horizontal

processingfacilityprovided thebasisofestimateforthisfacility.

The thirdnew launch facilityrequiredisa MLP. A new MLP isrequired to ensure that

during SRB transition,no scheduled flightswillbc missed. HistoricalMLP costswcrc used in

determiningtheestimatesforthisfacility.

Three launchfacilitymodificationswillbe required.The threemodified facilitiesare:the2-

VAB integrationcells,a modified MLP, and a modified launch pad. The VAB facility

modificationswilleliminateproblems with door and platform clearancesand VAB accessto the

new integrationfacility.ModificationstotheMI.,Pwillinclude:flame deflectorrearrangementsto

preclude flame impingement on the STS, realignment of the SRB holddown posts, and

r_gement of the overprcssurcplumbing toconform to the new exhaust hole configuration.

Modifications tothelaunch pad willincludechanging:the existingpropellantloadingand storage

facilities;the ET and SRB access platforms; and the launch umbilicals. Again, previous

modificationstothesefacilitiesprovided thebasisforthecostestimates.
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Facilities Detailed Cost Estimates

Manufacturing Facilities

The facilities and first level function comprise the following subfunctions: manufacturing,

launch operation, mission, and test. The manufacturing approach to fabrication and assembly of

the LRB was determined by considering all 244 vehicles plus the test articles required. This

manufacturing approach used currently available technology processes and procedures with hard

tooling at each step along the process.

Our integratedmanufacturing plandetermined the facilityrequirements forfabricationand

assembly at the MAF. Similarly,an operations plan, which capitalizedon LRB and ET

commonalty, helped in developing comprehensive requirements for the horizontalprocessing

facilityatKSC. The totalcostof MAF modificationsis$21M forthe pump-fed boosterprogram;

the new constructioncosts total$174M, and the facilitiesrelatedequipment costis$82M. The

totalcost of MAF modifications is $23M for the pressure-fed booster program; the new

constructioncosts total$217M, and the facilitiesrelatedequipment cost is$I 12NL A detailed

breakdown of the manufacturing facilitiescostisshown inTable 4.4.2.I-1.

Facility Pumn Estimate Pressure Estima|f

Bldg 103 Mods (Sfg)

Bldg 131 Mods (Test)

New OfficeFacility

New Manufacturing Fac.
New TPS Cell

New HydrostaticTest Fac.
New Test & Ck/out Fac.
New MPF

15.8 M 18.7 M
4.7 M 4.7 M

40.5 M 55.5 M
57.8 M 80.3 M
43.0 M 45.2 M
15.8 M 17.2 M
12.1 M 12.1 M

5.6 M 6.4 M

Sub-Total 195.3 M 240.1 M

Facility Equipment 81.5 M 112.0 M

TOTAL 276.8 M 352.1 M

Table 4.4.2.1.1 - Manufacturing Facility Cost Estimates (1987 $M)

The cost estimates for MAF modifications were determined by the number of tools, floor

space, special foundations required, overhead crane coverage, and utility services. To
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accommodate manufacturing and support activitiesfor the pump-fed booster vehicle,1,162,000

square feetof floorareaisrequired;for the pressure-fedvehicle,1,415,000 square feetof floor

area is required. Of these amounts, 114,000 square feetrepresentshared space,and 131,000

square feet represent modified space. The remaining area for each configuration is new

construction.

4.4.2.1.1 New MamoCacmwing Facilities

The office facilities provide for basic work areas, parking lots, and local area networks.

The design and site investigation costs ate included in the estimates. The office facility estimates

are based on 320,000 square feetfor the pump-fed boosterprogram and 440,000 square feetfor

pressure-fed. The new pump and pressuremanufacturing facilitiesprovide for 400,000 square

feetand 516,000 square feetrespectively- at a basic building heightof 40 feet. Included are

cranes for the factoryand concrete foundation work specificto the pump-fed and pressure-fed

configurations.The manufacturing facilityestimatesincludelocalareanetworks,and cleanroom

facih'tics.

The clean, prime, paint, and TPS facility is a high bay facility. Requirements for

Demineralized (DM) Water and Effluent storage and treatment facilities are included. Total space

requirements for this facility axe 43,000 square feet for both pump and pressure-fed booster

programs. Also included in the estimates ate the appropriate facility controllers required for the

application processes. The hydrostatic test facility is a high bay area as well, with DM water

requirements and high voltage feeders and alarm and security systems included in the cost

estimates. Total space requirements for this facility axe 14,000 square feet for both pump and

pressure-fed booster programs.

The testand check-outfacilityhas the same basicarearequirements (47,000SF),including

cleanroom facilitiesforboth configurations.And the materialprocessingfacilityisequipped with

storage areas (93,000SF - pump and 110,000SF - pressure)and an alarm and securitysystem.

Each of the new facilityrequirements conform to the manufacturing plan and in totalrepresenta

comprehensive costanalysisfortheprogram.

4.4.2.1.2 Shared And Mochfied Manufacturing Facilities

The assignment of space in Building 103 at MAF allows common use of the existing ET

machine shop, and material storage areas. Nonessential activities currently using this area will be

relocated outside this building. The cost estimates include the cost of relocation. Also included are
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improvements to the on-site roadway which will facilitate transporting the completed LRB to the

barge dock facility for delivery to KSC. Consistent with the production groundrule, the facility

work will not adversely impact the ET production.

4.4.2.2 Test Facilities

The test facilities that are included in the LCC are located at both Stennis Space Center in

Mississippi, and MSTC in Alabama. In general, the structural testing will be performed at MSFC

and the propulsion testing at Stennis. Test facility estimates are detailed in Table 4.4.2.2-1.

Facility Pumo Estimate Pressure Estimate

Stennis Space Center
-New Dual sided engine test stand (2) 80. M
-New Component Test Facility 75. M
-B-2 Main Propulsion Test (Mod) 30. M

Marshall Space Flight Center
-Structural Test Facility (4572-ET- 1) 8. M
-Ground Vibration Test stand (4550-ET-1) 8. M

80. M
50. M
30. M

TOTAL 201. M 176. M

Table 4.4.2.2-1 . Test Facility Cost Estimates (1987 $M)

4.4.2.2.1 New Test Facilities

Existing test stands were originally baselined for testing LRB engines, however, the B-1

test stand at Stennis was recently put into service for testing SSMEs. Further search for available

facilities yielded none. Therefore, two new dual position test stands are included in the baseline

estimates. Should other facilities become available, the initial acquisition costs could be reduced.

For both configurations - pump and pressure - four single engine test stands are required. Dual

position test stands are baselined to minimize costs by sharing a common infrastructure. Estimates

for the dual test stands are $40M each - (i.e., 2 at $80M). It is estimated that the B-1 test stand

can be modified to a dual position for approximately $15M should that option become available.

4- 17



The engine component test facility would be slightly different for the pump and pressure-

fed booster engines. The pressure-fed engine would require a 3-position test facility, whereas, the

pump-fed engine would require a 4-position test facility with one position having the capability to

surge to a complete single engine test facility. The pump facility estimate is $75M: the pressure

facility $50M.

4.4.2.2.2 Modified Test Facilities

In addition to the single engine testing and engine component testing, the wain propulsion

testing, was also located at Stennis. The B-2 test stand, previously used for ET MPTA testing, is

available for LRB MPTA testing according to current planning. The modification cost for this

facility is $30M.

The MSFC testing will include the STA, GVTA, modal tank testing, as well as, the shock

and acoustic testing. The facilities are identified by Marshall building numbers 4572-ET-1, and

4550-ET-1. The 4572-ET-1 building will serve as the test site for the STA and the 4550-ET-1

building will serve as the test site for both the GVTA and the Modal tank. Modification costs are

the same for both pump and pressure at approximately $8M for each building. The shock and

acoustic test facilities were not included in the LCC estimates, but would be required for the

program. The facilities are not complicated and it is expected the cost impact will be small.

4.4.2.3 Launch Facilities

The selected launch facilities are located at KSC in Florida. The facilities required for the

LRBs are mostly existing facilities that can be used "as is," or with some modifications. Three

new facilities will be required, however, to meet all of the requirements in the groundrules. The

groundrule that has the largest impact is that no flights will be missed as a result of introducing

LRBs into the launch vehicle. Analysis indicates that the new facilities required as the result of this

groundrule are less expensive that even one missed flight. Launch facilities estimates are detailed

in Table 4.4.2.3-1.
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Facility Pumo Estimate Pressure Estimate

New Facilities
-ET Check-out 12.8 M 12.8 M

-LRB Processing 16.9 M 18.7 M
-MLP 73.6 M 73.6 M

Modified Facilities
-VAB 20.8 M 20.8 M
-MI_ 46.8 M 46.8 M
-Launch Pad 150.8 M 150.8 M

TOTAL 321.7 M 323.5 M

Table 4.4.2.3-1 - Launch Facility Cost Estimates (1987 $M)

4.4.2.3.1 New Launch Facilities

The new launch facilitiesrequired include an El" checkout facility, an LRB horizontal

processing facility, and a new MLP. Each of these new facilities are required to alleviate problems

with the transition from SRBs to LRBs. The requirements may not be obvious. The ET checkout

horizontal checkout facility is similar to one constructed at Vandenberg. This facility is required to

make High Bay 2 or 4 available as a third cell during transition. The high bay areas are required to

be modified to accommodate the larger diameter I.,RBs in place of the SRBs. And modification of

these high bays requires relocation of the ET high bay check out facilities in order to maintain sRB

capability during transition.

The LRB horizontal processing facility is similar to the El" checkout facility. It is required

to provide an area for LRB processing (horizontal processing reduces handling operations). The

new MLP is required to provide full launch schedule capability during the transition from SRBs to

LRBs. The existing MLPs must also be modified to accommodate the LRBs and during the

transition, but several flights would be missed if this new MI_ were not available.

The costs are estimated as follows: $12.8M for the El" checkout facility, $73.6M for the

new MLP, and $16.9M and $18.7M respectively for the pump and pressure LRB processing

facilities.
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4.4.2.3.2 Modified Launch Facilities

The modified facilities include the VAB, existing MLPs, and the launch pad. The LRBs

have larger diameters than SRBs. The SRB access platforms in the VAB will need to be modified

to accommodate the LRBs. In addition, to assure no flights are missed, additional cells are

needed. The additional cells are already existing and currently available, but require modifications

to accommodate the LRBs (as noted earlier, modifications to the High Bay requires relocation of

the ET processing). In addition to the interior modifications, the exterior crawler way will have to

be linked to the modified VAB cells. The cost of the modifications is estimated at $20.8M for both

pump and pressure-fed boosters.

The existing MLPs will also need to be modified to accommodate the planned launch

schedule. The existing MLPs require modifications amounting to $46.8M. The MLP

modifications include exhaust hole rework, SRB holddown post changes, and overpressure

plumbing changes. The launch pad is the last facility that will require modificalions. The pad will

require modifications totaling $150.8M for either configuration. The items that require

modifications include the propellant loading and storage facilities, the flame deflectors, the L.RB/E'I"

access platforms, and the launch umbilicals.
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5.0 LCC SENSITIVITIES

5.1 BASELINE LEARNING CURVE SENSITIVITIES

The LCC is determined by the various assumptions and groundrules that were made to

perform this study. The LCC, however, is usually only provided as a point estimate. The point

estimate provided does represent the expected cost of the program by this study contractor,

however, others may not agree with the basic assumptions and groundrules. These Sensitivities

allow one to select an alternative set of assumptions and identify the LCC impacts for the changes.

Tables 5.1-1 and 5.1-2 are set up such that two or more subsystems can be varied at the same time

and the fidelity of the estimates will be maintained. So, for example, changing the engine learning

curve to 80% and the structures learning curve to 80% for the pump-fed vehicle, the LCC impact

would be calculated by simply adding the delta costs (i.e., -$1220M - $409M = -$1629M). All

secondary cost impacts are accounted for in the Tables.

These tables do not include the 40% program wraps identified in the groundrules. The

entire LCC impact can be determined by multiplying the result of the equation by 1.4. For example

(-$1629M) x 1.4 = -$2280.6M. This changes the overall LCC from the $16.0B identified in the

point estimate for the program to $i3.7B (i.e., $16000M - $2280.6M = $13719.4M or

approximately $13.7B).

One point that bears recognition is that the Engine LCC identified _ a 10% spares

factor. It is not included in the SPARES block.

The costs for manufacturing the LRBs include production learning at rates found in other

programs. This sectionpointsup the sensitivitiesof the variouslearningcurves chosen can have a

significantimpact on the cost of the hardware. The production learningcurves utilizedin this

studyreflecta realisticapproach. The structuresestimatesprovided hereinfollow an 85% learning

curve. An 85% learningcurve has been found on otherhistoricalprograms and has been used to

guard againstan overlyoptimisticestimate.The ET program, forexample has experienced better

than an 85% learning curve on the structures,but thatisconsidered betterthan average. The

learningcurves chosen reflectthe expected learningrate:not the bestone possible.The same is

true for the engine subsystem: the best possible learning curve was not selected,rather,an

"expected" value was used.
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As identified earlier, there is room for considerable program savings by incorporating into

LRB contracts incentives for contractors to meet specific learning curves. Likewise, there is room

for considerable growth in LCC if the assumed learning curves are not realized. The assumptions

used for this analysis rely on historical learning curves; incentives, however, offer the opportunity

to improve on past performance.

5.2 LRB ENGINE COST SENSITIVITIES

Since the engine production cost estimates are the largest cost contributor to both the

pressure and pump-fed boosters (25% and 40% respectively) a key cost estimate risk analysis was

performed against this element. Two areas of risk occur with respect to the engine cost estimates.

The f'n'st risk area is concerned with the relative unit cost relationship of a pressure versus a pump

fed engine. The baseline unit cost relationship has the pressure-fed average unit cost at 68% of the

pump-fed estimate. The pressure-fed engine database is relatively small compared to the pump-fed

engine database.So thisanalysisviews thecostestimatefrom anotherangle todetermine a proper

relationshipof the pressure-fedengine when compared toa more wellknown pump-fed engine.

The second risk area considers the absolute value of the engine cost estimates. This is

analogous to the potential risk of engine cost estimate growth and the results of subsequent

comparisons of pressure and pump-fed boosters. So that if engine costs grow by -say 10%- over

the course of the program, how is the LCC affected. The current baseline engine unit cost

estimates are $2.4M (Press-fed) and $3.6M (Pump-fed).

The baseline cost estimates for LRB engines were determined by arriving at a theoretical

first unit (TFU) engine cost and then modeling the unit cost improvement as a function of

production learning and rate improvement. The development for both TFU and the modelling of

the manufacturing process are based on historical data of similar types of hardware programs.

Since the engine data may be somewhat biased by pump-fed data points, an independent

assessment of pressure versus pump-fed engine costs was performed. Our approach included a

comparative analysis of the required hardware relationship of the two engine types at the

component level in order to assess the baseline unit cost relationships of the engines to each other.

5.2.1 Pump vs Pressure-Fed Engine Cost Estimate Relationship

Our alternative analysis to the pressure versus pump engine unit cost estimates was based

on a statistical sampling of expert opinion regarding the component relationships of the two engine
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types. A baseline unit cost percentage breakout for the pump-fed engine (column 1 Figure 5.2.1-

1) was provided to LRB propulsion personnel. The engineers were instructed to determine the

relative component requirements of a pressure-fed engine when compared to a pump-fed engine

(column 2). For example, since the pressure-fed engine has no turbo-machinery the equivalent

percentage of that component required for a pressure-fed engine is 0%. Each component was

assessed and the equivalent unit cost percentage for a pressure-fed engine in relation to a pump-fed

engine was determined by the product of the pump-fed component's unit cost percentage times the

pressure-fed engine's equivalent percentage of that component. The summation of the pressure-

fed engine unit cost percentage could then be determined by the summation of the component's

equivalent cost percentage. Although the sample size was small, the results were within a

reasonable range and thus the minimum (54%), maximum (71%) and average (61%) unit cost

relationship could be calculated for our sample.

Data Point

Example
Combustion Devices

Thrust Chamber Body
Exhaust Manifold

Injector
Dome

Turbopump Assembly
Fuel Pump
LOX Pump
Turbine

Propellant Feed & Control
Pressurization System
Assembly & Checkout
Hot Fire Acceptance Test
Miscellaneous

% Of Engine
Unit Cost

Pump-Fed Engine*

Equivalent %
Required For

Pressure-Fed Engine

100%
0%

110%
110%

Equivalent Cost %
For

Pressure-Fed Engine

31.2%

0.0%

34%
21.1%

3.7%
5.1%
4.1%

21%
6.9%
7.1%
6.9%

13%
6%
7%

12%
7%

0%
0%
0%

77%
0%

50%
50%
50%

10.0%
0.0%
3.5%
6.0%
3.5%

Total 100% 54.2%

* Pump-Fed Unit Cost Breakout Based On Rocketdyne STBE Data

Figure 5.2.1.1 . Pump�Pressure Engine Cost Relationship

21.1%
0.0%
5.6%
4.5%

0.0%
0.0%
0.0%

Note that the pressure-fed pressurization system is not considered part of the engine cost

and is included as part of the boosters main propulsion system whereas the small pump

pressurization system is intrinsic to that engine.
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The analysisshows thatthereisa potentialfor the pressure-fedengine coststo be lower

thanthe costsinthe currentbaseline.While thecurrentpressure-fedengine isestimatedat68% of

thepump-fed engine,thisanalysissuggeststhatthe relationshipbetween the two types of engines

could go as low as 54%t This indicatesthatthe estimatesfor the pressure-fedengines are more

conservativethan the estimatesforthe pump-fed engines. The next analysisshows theprobability

that the pressure-fed engine costs will fall from current levels.

$.2.2 Pump vs Pressure-Fed Engine Cost Estimate Risk Function

The mean, minimum, and maximum values of the sample were used to formulate a

triangular cost risk distribution of the unit cost relationship of the pressure to the pump-fed engine.

This distribution provides a prof'fle of where the baseline unit cost relationship lies and suggests

whether the baseline relative pressure to pump-fed engine unit cost estimate of 68% represents a

conservative or opRmistic point estimate.

1.0

0.9_o 0.e

/

/ 8
I / l-o

O0 ;_"-,, , • , • , • , • , • , •
54 56 58 60 62

Pressure Fed To Pump Fed
(Press Fed Unit Cost/Pump

Pressure Fed @ 68% Of
Pump Fed Unit Cost

• I

64 66 68 70

Unit Cost Rstlo
Fed Unit Cost)

Figure 5.2.2-1 - Pressure-Fed Engine Cost Growth Probability Density Function

The riskdensityfunctionisshown inFigure 5.2.2-1. The cumulative probabilitydensity

functionwas derivedfrom a Monte Carlo sampling of a triangulardistributionwith a mean of 61%
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and boundaries of 54% and 71%. The results show that our baseline unit cost relationship has a

95% probability of the pressure-fed engine cost estimates not growing with respect to the pump-

fed engine. In other words, the pressure-fed engine unit cost estimate represents a conservative

relationship to the pump and, based on the analysis, further pressure-fed engine cost savings are

possible.

5.2.3 LRB Engine Unit Cost Growth Comparison

Figures 5.2.3-1 and 5.2.3-2 highlight the sensitivity of the baseline pressure and pump-fed

life cycle cost estimates to potential growth in the engine unit cost estimates. In interpreting this

data it is important to note that the baseline LCC estimates (i.e. engine unit cost at lx) do not

include the potential benefits of the technologies (advanced welding and CSTI) discussed in the

technology LCC and that only the engine unit cost and directly related engine integration costs are

changing. All other hardware and programmatic impacts are held constant. Each candidate engine

unit cost is growing at a common rate with respect to the baseline engine average unit cost

estimates of $2.4M (pressure) and $3.6M (pump) per engine.

$3.5

$3.0 /$2.5

$1.5

9 $o.5

= $o.o /" , ,

= _ (so.so)IX _ ,x 3x

($1"°°)t_Engine Cost Growth Factor
I($1.50)

Pressure-Fed

Pump-Fed

Average
1X 2X

$2.4M $4.8M

$3.6M $7.2M

Unit Cost / Engine

_X
$7.2M

$10.8M

Figure 5.2.3-1 - Engine LCC As Unit Costs Increase
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The baseline LCC estimates for the pressure and pump-fed LRBs are $17.3 and $16.0B.

The pressure-fed estimates include very labor intensive welding techniques and conservative

propulsion estimates while the engine cost estimates reflect engines costs typical of cost forecasts

similar to ALS projections. The intent of the bar chart is to display the impact of engine unit cost

growth with respect to total LCC. Due to the large percentage of engine cost contribution to the

pump-fed booster the LCC impact of an equal rate in engine cost growth is much more severe to

the pump-fed booster. The crossover chart points out the risk in the pump-fed cost estimates ff

actualenginecostsfaU shortof theALS typeprojection.

The crossoverchartshows apressure-fedLCC breakeven pointatapproximately 1.6limes

the current cost estimates,which reflectsengine cost estimates of $3.8M and $5.8M for the

pressureand pump-fed respectively.Any furtherengine unitcostgrowth and/ortheapplicationof

the advanced EB welding would make the pressure-fedthe most attractiveLRB candidate.These

trendsare independent of the potentialcostsavingsprodded by theCSTI program or any drop in

the baselineunitcostrelationshipbetween pressureand pump-fed engines (baselinepressurefed

engine average unitcostestimatesarc68% of thebaselinepump-fed engine average unitcost).

[_ Pump-Fed I_]Pressure-Fed I
$30.0

s s.o
$20.0 $21.7 20.8 v_At_e_

_ $1S.0

O,O,$10-0

$S.0

$0.0
1X 2X 3X

(Reference)
Engine Cost Growth Factor

Figure 5.2.3-2 - LRB LCC Sensitivity To Engine Costs
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Figure 5.2.3-2 reflects the LCC impact if the engine costs increase (by a constant
percentage)over theALS typeprojections. As enginecostsgrow the pressure-fedsystemLCC

looksmorefavorablethanpump-fedsystemLCC.

5-9





6.0 PROGRAM FUNDING

6.1 FUNDING DISTRIBUTIONS

This section presents the program funding data for the total acquisition and operation cost

for the LRB. These data will assist in forecasting phase C/D planning for the LRB Program.

The funding streams are presented for the LRB program in accordance with the defined

cost scope (Section 1.2). The LRB program funding stream is presented in order to provide an

overview of NASA funding impacts associated with LRB acquisition and LRB production to

satisfy the mission requirements set forth in the groundrales. The funding stream includes

expenditures for all phases of LCC with the exception of R&T: included are DDT&E,

Production/Operations, and Facilities phases.

6.2 GROUNDRULES AND ASSUMPTIONS

The following groundrules and assumptions were used to develop the LRB and related

program funding streams:

A) Program funding isshown for the fiscalyear and isbased on the LRB hardware

requirements throughout the DDT&.E phase as required for testing and throughout the

production/operations phase to satisfythe anticipatedflightrates. The Facilitiesfunding

requirements are shown in accordance with the facilitiesschedules as they are required tobe on-

line.

B) Annual DDT&E funding was based on historicalfunding curves. The DDT&E

funding was modeled usinga betacurve with a traditionaldevelopment phase "60/40" split.

C) Annual Facilitiesfunding was based on historicalconstructionfunding curves.The

Facilitiesfunding requirements were modeled using a beta curve with a "40/60" split.The

manufacturing,testand launch facilitieswere distributedseparatelyto account forthe scheduling

requirementsunique toeach. The facilitiesdistributionswere thenconsolidated.

D) Propellantcostsarcthe only traditionalOperationscostsincluded intheProduction

(for_ referredtoasProduction/Operations)funding distribution.The productioncostsinclude

allcostsrequiredto produce LRBs and deliverthem to the launch site.Separate NASA studies

identifythe costsfrom receiptof theLRB hardware through mission operationstasks.
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E)

F)

Program Wraps of 40% are identified separately and include the following:

Government Support 5%

Management Reserve 25%

Contractor Fee 10%

All costs are in constant year 1987 dollars.

6.3 SELECTED LRB PROGRAM SUMMARY

6.3.1 Program Schedules

Figures 6.3.1-1 and 6.3.1-2 present the top level development schedules for the pump and

pressure LRBs including all associated hardware (i.e., Structures, Engines, Propulsion, etc.). The

schedules for both pump-fed and pressure-fed boosters provide for ATP in October of 1989 (the

start of FY-90) and initial operating capability in the second quarter of FY1997. The last

production LRB rolls off of the assembly line in the first quarter of FY2007.

6.3.2 Program Funding

Figures 6.3.2-1 and 6.3.2-2 present the program funding distributions for the baseline

pump-fed and pressure-fed LRBs. Annual funding levels were developed and are shown by LCC

phase. Time periods are identified in terms of years. Year one is represented by "1" year two as

"2" and so on. The distributions would correspond to an anticipated LRB ATP date of October

1989 (the start of FY-90).
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Figure 6.3.2-1 - Pump-Fed Booster Funding Distribution

The R&T effort will require funds in addition to those identified in Figures 6.3.2-1 and

6.3.2-2. Anticipated spending of R&T money would start in 1989 with the major portion of the

costs occurring in 1990 and 1991.

DDT&E funding begins in the first quarter of FY1990 culminating in the f'trstquarter of FY

1996. Included are the estimates for engine design and test; ground test hardware, tooling and

GSE; SE&I, test operations and management; and other systems design (including stage

hardware).
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Figure 6.3.2-2 - Pressure-Fed Booster Funding Distribution

6.3.3 Other Related Program Costs

The total LCC for the pump-fed LRB program is $16.0B and $17.3B for the pressure-fed

LRB Program. Peak annual funding during the 17 year period of pump-fed LRB spending is

$1.47B in year I0 (1999). Peak annual funding during the 17 year period of pressure-fedLRB

spending is$1.63B in year 10 (1999). The peak ishitwhen the production ratefirstreaches 28

unitsper year (14 launches)due inpartto the production learningwhich has not yet been fully

realized.
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7.0 TRADE STUDIES

This section details the cost estimates provided for the various trade studies conducted

during this LRB contract. A complete databook is available under separate cover that details each

of the trade studies and includes back-up information for each criterion used to score the trades.

This section addresses the cost criterion only.

7.0.I Cost Scoring Methodology

To understand the cost scores that were developed for the system trade studies, it is

important to understand a few key points in the scoring methodology. Two main cost issues are

the scope of the cost scores in relation to the other criteria scores, and the treatment of a cost per

pound of payload to orbit.

7.0.1.1 Trade Studies Cost Scores

The tradestudy methodology began with the identificationof the major issuesthatwere

associatedwith each trade.Many criteriawere used foreach trade.The costcriterionattemptsto

account for all of the costs that are not accounted for in other criteria. Other criteria indirectly

account for many of the "other" costs. An example of this would he operational complexity.

Rather than try to pin down ground operations costs separately, a separate score is given for

"operational complexity". In this manner, the problems associated with different systems could.be

identified. The scores for the operational complexities tend to account for the additional effort that

is required for the lowest scored alternatives.

Ifone were to look atthe safetycriteriathatis used in many of the trades,itprovides

anothergood example of a criterionthatscoresindirectrelationtocost. The designcan meet any

safetymargins required(i.e.,comparable designscan meet a safetyfactorof 1.4);the only thing

thatisdifferentisthe costof achievingthatmargin. This isthecase formost of the criteriaused

including:STS integrationimpacts,operationalcomplexity, safety,reliability,maintainability,

subsystem integration,facilityimpacts,risks,and manufacturing complexity.

Ultimately everything can be quantified in terms of cost (i.e., Dollars), but this scheme

utilizes many criteria so that the final decision should result in the lowest total cost. There are

exceptions to this, for example the weight of an electrical system may cost more as it weighs less.
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In this case, the scores are inverse to the cost scores. The only criteria that score inversely to cost

at times are weight, and performance.

7.0.1.2 Payload Cost Treatment

With weight and performance, there is a major issue that is encountered in many of the

LRB trades. That is the relationship between a pound of weight saved on the booster and the net

payload capability of the Orbiter. The thrust requirements of an LRB change slowly as weight

increases. Contrast that to The External Tank (ET). The El" is driven by weight since it is carried

throughout the first and second stages of ascent and almost to orbit. Additionally, with the current

system the payload capability of the orbiter cannot be fully used. So for every pound that is saved

on the ET, an additional pound of payload may be carried to orbit. There is a one-to-one

relationship between the the El" weight and the payload weight capacity.

The LRBs have a relationship more on the order of nine-to-one; for every nine pounds

saved on the LRB, an additional one pound can be carried to orbit. If the impact of any selection

reduced the full payload capability of the orbiter, the lost payload cost would be critical and would

be identified in the cost scores based on a cost per pound to orbit. Again this impact would be

incorporated into the cost analysis if the payload were not at its limit, but for both configurations,

the total capacity of the orbiter was able to be used with room to spare (i.e., Management reserve).

For thisreason,itwas not includedinthetradesas a partof the costcriterion.

In the past, including the cost of a pound to orbit has had the impact of making the weight

one of the most important trade study drivers. With the LRB, however, the weight plays a less

significant role.

7.1 PROPELLANT TRADE

7.1.1 Pressure-fed Booster Propellant Trade

The pressure-fedpropellanttradewas performed againstthe baselineN204/MMH; the

alternativeswere LO2/RP-1, LO2/CH4, N204/ALMMH, and, LO2/C3H8. There were many

criteria used to select the optimum propellant combination for the booster. The cost weighting was

10 percent of the total. The other selection criteria were: STS integration impacts, operational

complexity, safety, reliability, weight, maintainability, subsystem integration, facility impacts,

environmental impacts, and risks. The baseline propellant was selected for its high density and the

fact that it is a storable propellant. The overall trade selected the LO2/RP-1 propellant combination.
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The cost impacts were limited to the vehicle cost impacts since other impacts were

inherently identified in the numerous other criteria use to score this trade. An additional direct cost

impact was the structures cost for each propellant combination. As the density of the propellant

increases, the structures costs at the baseline pressure decrease. This structures cost impact was

not considered when the trade was fast scored. However, the structures cost trend would support

the outcome of this trade. The densest propellant is N204/ALMMH, followed by N204/MMH,

LO2/RP-1, LO2/C3H8, and LO2/CH4. The lowest structures cost would follow the same trend

with N204/ALMMH being the cheapest vehicle. The slructures average unit cost of the N204

propellant choices would have to be reduced by approximately one-third to overcome the LO2/RP-

1 engine and propellant cost advantage. Analysis indicates this is not achieved in either of the two

N204 boosters.

Both the production and development cost of the engine were considered (see Table 7.1.1-

1). The STBE Engine data were used to estimate engine costs. For the pressure-fed booster, the

unit costs remained fairly close - within $0.1M per engine - with the N204/ALMMH, LO2/C3H8,

and LO2/CH4 being higher than the others. The LCC difference in the production costs for the

different engines amounted to no more than $25M (with LO2/RP-1 and N204/MMH engines being

the lowest cost). The DDT&E costs were estimated at the same level since the same number of

tests must be conducted to achieve the same reliability.

Engine Propellant TOTAL
SYSTEM LCC LCC LCC

N204/ALMMH 2,434. M 800. M 3,234. M

N204/MMH 2,400. M 800. M 3,200. M

LO2/RP-1 2,400. M 23. M 2,423. M

LO2/C3H8 2,434. M 24. M 2,458. M

LO2/CH4 2,434. M 56. M 2,490. M

Table 7.1.1-1 . Pressure-Fed Propellant Trade Cost Estimate (1987 SM)
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The only remaining difference, then, was the recurring propellant cost. The propellant

LCC of the boosters with the 244 unit model, was least expensive for the LO2/RP-1, and

LO2/C3H8 combinations. The N204/MMH, N204/ALMMH combinations are the most

expensive. And the LO2/CH4 propellant costs fell in the middle of the alternatives.

The propellantLCC differenceissignificant.The costper flight(i.e.2-boosters)is$0.2M

for the LO2/RP-1 and LO2/C3H8 combinations. The cost of the N204/MMH, and

N204/ALMMH is$6.5M per launch. The LCC differencebetween thesepropellantsand the

LO2/RP-1 and LO2/C3H8 propellantsis$770M over 122 flights.The LO2/CH4 LCC isalmost

two and one-half times the LO2/RP- 1 (amounting to $33M.)

The LO2/RP-1 propellantcombination was the leastexpensive alternativefrom both an

engine hardware and propellantcostperspective.Itwon the cost trade. And itwon the overall

trade. The overall analysis switched the baseline pressure-fed booster to a LO2/RP-1 propellant

combination.

7.1.2 Pump-Fed Booster Propellant Trade

The Pump-fed propellant trade was performed with the baseline N204/MMH; the

alternatives were LO2/RP-1, and LO2/CH4. There were many criteria used to select the optimum

propellant combination for the booster. The criteriaremained the same for both the pump and

pressurepropellanttrades.Again thecostimpacts analyzed were limitedtovehiclecost impacts

sinceother impacts were identifiedthrough the numerous other criteriaused to score thistrade.

The costcriteriawas 10 percent of the total.The baselinepropellantwas selectedfor itshigh

densityand thefactthatitisa storablepropellant.

Two major quantifiablevariableswere identified.The directcost impacts of propellant

choice were thecostof thepropellantitself,and thecostof theengine seeTable 7.1.2-I. Both the

production and development costof the engine were considered. The STBE data were used to

estimateengine costs.For thepump-fed booster,the costsvariedslightly:allwere within$0.1M

per engine. The DDT&E costswere estimatedat the same levelsince the same number of tests

must be conducted toachievethesame reliability.The engine LCC fortheLO2/RP-1 combination

was the most expensive at$3.9B the LO2/CH4 engine had the second highestLCC with $3.8B,

and the leastexpensiveLCC was theN204/MMH engineat$3.5B.
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Engine PropeUant TOTAL
SYSTEM LCC LCC LCC

N204/MMH 3,496. M 648. M 4,144. M

LO2/RP-1 3,874. M 20. M 3,894. M

LO2/CH4 3,771. M 40. M 3,811. M

Table 7.1.2-1 - Pump-Fed Propellant Trade Cost Estimate (I987 $M)

The propellant cost, however, is cheapest for the LO2/RP-1 Booster. The LCC for the

PropeUant is $19.8M for LO2/RP-1, $39.7M for LO2/CH4, and $647.5M for N204/MMH.

The addition of the propellant and engine costs for each propellant combination yields the

following results: the LO2/CH4 is cheapest at $3.81B; the LO2/RP-1 ranks second at $3.89B; and

the N204/MMH is last at $4.14B. When the cost scores were combined with the other criteria

scores, the LO2/RP-1 was selected to replace the baseline N204/MMH propellant combination.

An additional direct cost impact would be the structures cost for each propellant

combination. As the density of the propellant increases, the structures costs decrease. This

structures cost impact was not considered when the trade was first scored. However, the

structures cost trend would support the outcome of this trade. The densest propellant is

N204/MMH, followed by LO2/RP-1, and LO2/CH4. The lowest structures cost would then

follow the same trend with N204/MMH having the cheapest structural vehicle. The structures

average unit cost of the N204 propellant choices would have to be reduced by approximately one-

fifth to overcome the LO2/CH4 engine propellant cost advantage. Analysis indicated this is not

achieved intheN204/MMH booster,thusleavingLO2/RP-I and LO2/CH4 inthe lead.

7.2 PRESSURIZATION SYSTEM TRADE

The pressurizationsystem wade study was conducted forboth LO2/RP-1 and N204/MMH

propellantcombinations. Initially,twelve alternativepressurizationsystems wcrc define(fivefor
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the storables and seven for the LO2/RP- 1 vehicle). Two of the LO2/RP- I alternatives were coarse

screened due to excessive system weights. Cost estimates were made in support of the trade study

team for five remaining alternative hardware approaches for each of the two propellant

combinations.

The storable systems each used a gas generator as the heat source, but differed in the

characterization of the gas generator (low Pc, fuel rich or stochiometric) and the means of heat

transfer to the pressurant. The baseline pressurization system utilizes a low Pc gas generator

combined with a platelet heat exchanger to allow heating of onboard, super critical Helium for

propellant tank pressurization. The proposed alternative systems either utilize higher Pc or

stochiometric gas generators in an attempt to downsize the pressurant or GG propellant

requirements as well as downsize or delete the heat exchanger (the later case required an additional

turbo pump assembly or adding ambient Helium), or using LH2 to pressurize the oxidizer tank.

The LO2/RP-1 pressurization system approaches were similar with the exception of employing

LO2/RP-1 gas generators instead of storable GGs.

Although minor weight savings were achieved in some cases with respect to the baseline

pressurization system, the addition of consumables tankage and the complexity and technical risk

of fuel rich or stochiometric GGs and turbo pump assemblies increased the hardware cost above

the baseline system. The number and complexity of the components required for the alternative

systems was the driving cost discriminator that led to our decision to keep the baseline approach as

the reference pressurization system.

7.3 TVC TRADE

The TVC trade considered Hydraulic gimbals and traded them against the baseline Liquid

Injection System. The cost analysis resulted in a better score for the gimbals than for the LITVC.

The overall trade choose the Gimbals over the LITVC. The cost criteria carried 25% of the

weighting factor.

The cost driver on the LITVC were the valves. The total cost per booster for the L1TVC

was $1,769K: for the Hydraulic $1,604K. The cost analysis was limited to hardware costs. The

cost per launch differs by $330K: the LCC differs by $40.2M. Other criteria indirectly account for

all othercosts.
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7.4 TVC GIMBALS TRADE

The trade was performed to optimize the Thrust Vector Control actuators. The baseline

was changed from hydraulic actuators to Lead Screw / Electric Motor types. The cost scores

followed the f'mal results of the trade. The hydraulic Power units drive the costs. The total

estimate per LRB is $3.4M for the hydraulics, and $1.3M for the Lead screw.

7.5

The LCC for the Lead Screw type TVC is $0.5B cheaper than the Hydraulics.

ENGINE CYCLE TRADE

The engine cycle trade considered alternatives to the baseline LO2/RP-1 gas generator

(G.G.) cycle engines. The three alternatives were LO2/CH4 gas generator, LO2/CH4 Split

Expander (S.E.), and LO2/LH2 Split Expander. The trade-offs considered the engine costs and

propellant costs, as well as the vehicle costs for each of the alternatives. A 244 booster production

quantity was used in the analysis.

Engine inputs were received from two different engine contractors making direct

comparison of costs difficult. The data received was normalized to account for discrepancies. In

the DDT&E area, for example, the number of tests required for the gas generator engine was set at

900 by Aerojet but only 530 were included in the Pratt-Whitney Split Expander cycle engine. But,

both were claiming the same demonstrated reliability (99%). Both DDT&.E testing requirements

were normalized to the same number of tests with two failures assumed for each development

program. Therefore, the DDT&E costs were equivalent, and not a discriminator.

The LCC was broken down into three areas: 'Vehicle' (including Structures, TPS, A&CO,

Spares, SE&I, Program Management, and Propulsion), Fuel, and Engines. The avionics, power,

and sustaining tooling were non-discriminators so they are not included in the 'Vehicle' costs

below. The same amount of design and engineering effort was reported by both manufacturers

making the non-recurring effort a non-discriminator.

The cost analysis task was easy for the 'Vehicles' and the fuels since the estimates were

generated from the same source. The lowest 'Vehicle' average unit cost was tied between the two

gas generator engine concepts at $20.3M. The split expander LO2/CH4 'Vehicle' was next at

$21.5M. And the split expander LO2/I.H2 "vehicle' was last at $28.1M per vehicle. The vehicle

costs were driven by the larger propellant volumes required for the alternate concepts: the baseline
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LO2/RP-I was the smallest. Eleven barrel sections and 13 ring frames were required for the

LO2/LH2 configuration. All of the other concepts only required 6 barrel assemblies and 8 ring

frames. The 240.9 foot length of the LO2/LI-I2 vehicle was large in comparison to the 156 foot

S.E. LO2/CH4 vehicle. The LO2/RP-I vehicle was the shortest at 151 feet.

The fuel cost was the next item assessed. The propellant costs for the G.G. LO2/RP-1

configuration were lowest at $.101M per vehicle. The G.G. LO2/CH4 configuration was next

best at $.168M per booster, the S.E. LO2/LH2 and S.E LO2/CH4 configurations were right

behind at $. 190M and $.193M respectively.

The engine cost analysis proved more difficult. The engine costs were received from both

Aerojet and Pratt-Whitney. The average unit cost of the Aerojet G.G. engine was $3.440M.

Using the same 85% learning curve, the average unit cost of the Pratt-Whitney S.E. engine was

$3.154M. The difference amounted to $.286M per engine. An in-house assessment was made for

the two engines and with review the split-expander cycle engine was credited with 50% of the

claimed cost savings (over gas generator engines).

The sensitivityof the analysisissuch thateven at 100% of the claimed savings,the S.E.

LO2/CH4 totalLCC only breakseven with thegas generatorconcepts due to thegreaterstructures

costs.And even with 100% of the savingscreditedtothe S.E.LO2/I._-I2concept,itisstill$5.3M

more per vehiclethanany otherconcept.
0

When the vehicle, fuel, and engine costs were added together, both G.G concepts were out

in front of the S.E. LO2/CH4 concept by a small margin. There was a significant difference,

however, in the cost of the LO2/LH2 concept. At $5.4M more per vehicle, the total S.E.

LO2/LH2 LCC was $1.3B more expensive than the other concepts.

7.6 COMMON DOME TRADE

The baseline concept for both the pump and pressure-fed vehicles was separate domes for

the fuel and oxidizer tanks. The common dome trade started off with the premise that common

domes would 1)eliminatethe need foran intertankand 2)reduce theoveralllengthof thevehicle.

Additionally,the concept would reduce theoverallweight of thevehiclewhich would have a ripple

effecton othersystems.
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Detailed analysis, however, determined that the cost of the common dome would be more

expensive than the separate dome baseline. The drivers in that decision were the DDT&E costs,

and Production costs.

The benefit of the common dome concept was elimination of the intertank. With the

baseline vehicle, the length between the ET attach points was fixed to avoid changes to the ET.

Eliminating the intertank, therefore, did not have the effect of shortening the LRB. The benefit that

was received was a smaller diameter. The diameter, however, was not a driver in the trade. Both

concepts were already under the 18 foot (no protuberance) limit by almost 2 feet.

Some problems arose with the common dome concept. The fast one that became evident

was that the elimination of the intertank presented a packaging problem. The intertank provided

room for avionics placement. Elimination of the intertank required smaller packaging of the

Avionics. And if the diameter was decreased, the forward skirt also had less room for avionics

placement. Not reducing the diameter, required extending the forward skirt to meet the same ET

attach points. This had the effect of solving the potential packaging problem, but reducing the

anticipated weight savings.

Another problem that presented itself was that the temperature gradient from one side of a

common dome to the other would be on the order of 500°F. This is the approximate temperature

difference between LO2 and RP-1. Such a temperature gradient forces the use of a thermal barrier

nested between the two domes. The proper application of a TPS between the domes would be

critical: and the manufacturing process for bonding the TPS between the domes would be very

difficult.

Other aspects of the common dome concept made the manufacturing process more difficult.

The common bulkhead would be very difficult to set-up to weld. And the fit-up and match

machining of the honeycomb TPS would be prohibitively time consuming. Additionally, the

domes are not perfectly spherical, as in the separate dome concept; the two domes are different

sizes which increases the design, development and initial tooling costs over the separate spherical

dome concept.

Nondestructive testing of the common domes would also be much more difficult than that

required for separate domes. One of the systems monitoring drawbacks is the fact that detecting

leaks is much more difficult.
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The reasons for the increased DDT&E costs is that I) tooling will be more expensive even

after eliminating the intertank tools, 2) design of the separate domes has been accomplished before,

whereas, the design for common domes is in a more immature stage, and 3) three additional

common dome assemblies will be required for testing during this phase: making ground test

hardware costs more expensive than for the separate dome concept.

The main advantages of the common domes is of course the elimination of the intertank.

But the disadvantages including: avionics packaging, more complex manufacturing methods,

additional tooling costs; and difficulty in detecting leaks, make the common dome more expensive

than the separate dome concept.

7.7 DOME OPTIMIZATION TRADE

A structuressystem tradewas performed fora pressure-fedboostertooptimize the booster

dome configuration. The affectedstructuresinclude three domes, the intertank, and the tank

cylinder.The tradedid not include the lower oxidizertank dome: from a structuralstandpointit

was requiredto bc hemispherical. The costanalysisfor the dome optimizationtradedetermined

thatin the 1000psi range, uniform hemispherical domes have a slightadvantage over tapered

ellipticaldomes. Both therecurringand thenon-recurringcostswere more fortheellipticaldomes.

The nonrecurringcostsforthe sphericaldome were lower due tothe simplertooling,and

the shortercylinderrequired. These impacts amount to approximately $5M over the DDT&E

phase.

When the domes are spherical, the volume of the cylindrical section of the tank can be

reduced. The shorter cylinder will result in approximately $10M in savings over the recurring

phase of the program. These impacts are slightly offset by an increase in the weight of the domes,

and intertanks. The weights of the tanks are affected by the choice of spherical or elliptical domes.

Using WeldaliterM049 as the baseline material, spherical domes will reduce the cylinder weight by

almost 3,900 pounds. The dome and intertank weights, will increase by 250 pounds and 600

pounds respectively. The result is a 3,050 pound lighter booster. As discussed at the beginning of

the trade section, the payload capability with respect to booster weight is not as sensitive as for the

ET. With the payload capability of the orbiter already maximized (using LRBs), the weight was

not critical and a cost per payload pound saved was not included in the estimates.
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Increased recurring cost for the heavier hemispherical domes totals approximately $0.7M

during the entire production phase. Total savings can be calculated by adding the $5M DDT&E

cost savings, the $10M cylinder savings, and subtracting the $0.7M in additional dome costs. The

benefit of spherical domes will amount to approximately $14.3M over the life of the program.

7.8 UNPRESSURIZED STRUCTURES CONSTRUCTION

A trade was performed to determine the optimum wall construction for the unpressurized

structures. Five different types of material were analyzed. The baseline was hat-stiffened; the four

alternatives were monocoque, Z-stiffened, waffle, and truss-core. The trade was selected to

optimize the vehicle design.

The original was trade premised on the assumption that the strength loads drove the tank

design. Further analysis determined that the stiffness requirements were stricter than the strength.

Initially hat-stiffened won the trade by a small margin. Two other candidates were close:

monocoque, and Z-stiffened. The trade was reevaluated for a stiffness designed booster. The

overall results of the trade favored the monocoque design. The cost analysis supported the

monoeoque unpressurized structures selection.

The cost trade analyzed the DDT&E, tooling, material, subcontract, and labor costs. From

a material cost standpoint, the truss core and waffle walls were scored low. These materials would

be justified only if weight were a major consideration because of the significantly higher material

cost. The thrust requirements of an LRB change slowly as weight increases. Contrast that to the

external tank (El3. The ET is driven by weight since it is almost carded to orbit. There is a one-

to-one relationship between the the ET thrust requirements and the weight. So for every pound

that is saved on the ET, an additional pound of payload may be carded to orbit. The LRB's have a

relationship more on the order of nine-to-one; for every nine pounds saved on the LRB, an

additional one pound can be carried to orbit. Thus it can be seen that the weight savings does not

warrant the additional cost of such construction methods. The merit of the truss core and waffle

material is not in the cost savings.

From a manufacturing perspective, these two materials would also loose. The truss core,

for example, requires mechanical assembly of one panel to another. This type of attachment will

require blind rivets of interior and end frames. In addition to this, extra DDT&E articles would be

required for testing.
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The Waffle structure requires a difficult manufacturing process as well The initial quantity

of material required is greater than any other option. For waffle milling, 7 times the f'mal material

weight is required to achieve the desired strength in the final milled material. Time consuming

machining wRl be needed to manufacture the two inch square waffle grid integral to the material.

Forming will be difficult, as well, because the material must be age formed m reach f'mal temper

and form. In addition, the weld tooling will be more complicated because of the material would

require two inch high ribs. And finally, installing the fasteners for the internal frames would also

be a difficult operation. Each of these manufacturing processes required add to the cost of the

material. Again, this may be desirable with weight being the program driver, but with payloads

already at a maximum, the cost cannot be justified.

The Z-stiffened wall scored low because of the nonrecurring DDT&E costs, and the labor

costs. The tooling and DDT&E costs would be higher because of the TPS application process.

Insulating underneath the Z-cap would be difficult, and would probably require machining. Labor

costs wiU be higher because of the need to machine the TPS, and because the alignment of the Z-

stiffeners is a difficult process.

The cost drivers between monocoque and hat-stiffened were determined to be the material

and labor costs. Material costs for the monocoque design are greater than for the hat-stiffened.

There is a roughly 1650 pound (or 36%) increase in weight for adopting the monocoque intertank,

for example. This results in additional material costs. But material costs are smaller than the labor

costs.

Assembly labor,which makes up thelargestportionof the totalcost,is20% greaterforthe

hat-stiffenedas compared with the monocoque. The labor isdrivenby the mechanical fastening

process thatwould be requiredtoattachthehat-stiffenerstothe cylindricalwall. The monocoque

construction method requires only the welding of severalpanels together. The monocoque

structureisa simple as itseems to be. Another minus for the hat-stiffenedstructuresisthatthe

TPS applicationwill be more difficultdue to the raisedhat sections. The monocoque TPS

applicationprocess isagain easierthan forthe hat-stiffenedstructures.The monocoque smooth

surfaceisidealforTPS application.This materialand labortrade-offresultsin the selectionof

monocoque fortheunpressurizedstructures.
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7.9 CRYOGENIC TANK LOCATION

A trade was performed to determine the optimum location of the cryogenic tank for the

LRB: forward or aft. The cost portion of the trade was limited to the ET vehicle impacts, and the

LRB vehicle impacts only. The launch facility, and ground support impacts were scored

separately. The results of the trade favor location of the cryogenic tank forward. The cost scores

agree with the general conclusion.

The impact to the LRB was determined to be minimal. The primary impact is to the 2058

frame of the El'. Due to cryogenic shrinkage loads, an aft located cryogenic tank would require

redesign of this El" frame. The cost of the redesign effort is estimated at almost $1M. The

recurring ET manufacturing cost would add approximately $1.8M. The total cost of locating the

cryogenic tank aft is $2.8M. The forward location was therefore selected from a cost perspective.

7.10 TANK WALL DESIGN TRADE (PRESSURIZED STRUCTURES)

The trade for the tank wall design was limited to the pump-fed booster. This trade was

originally performed to optimize the vehicle design. The trade results favor the monocoque design

over the baseline skin-stringer design. The cost criteria carried a 30% weighting with the cost

scores supporting the final selection.

The merit of the skin-stringer material is not in the cost savings, but in its light weight. The.

skin stringer material is very expensive. It requires 5.5 times as much material initially in order to

machine the integral stiffeners. The stiffener design using WeldaliterU049, for example, requires

2.7 inch high integral stiffeners. This requires purchasing a 2.7 inch plate of material. Compare

that to a monocoque booster that only requires a 0.5 inch plate and the material cost savings are

evident.

The monocoque design not only requires less material, it requires less machining (and it

may be possible to totally eliminate machining). The integral stiffener panels require extensive,

complicated machining. Although the thickness changes somewhat depending on location, most

areas require machining from a thickness of 2.7 inches down to approximately 0.15 inches. At

best, machining costs of the integral stiffeners is 4.5 times that of the monocoque design.

The monocoque tank is also easier to assemble. The skin-stringer design requires

attachment of internal frames to the interior stringers; the monocoque structures require none.
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Thus eliminating material and subcontract costs for manufacturing the frames and labor costs for

attaching the frames. Labor cost estimates are twice as much for the skin stringer assembly when

compared to the monocoque. The total cost of going to a skin stringer design is approximately

$340M, including material, subcontract, and labor costs. Due to the significantly higher costs, the

skin-stringer design lost the cost trade by a large margin.

7.11 MATERIAL SELECTION TRADE

The material selection trade was broken down into two sub-trades; one for pump and one

for pressure. Weldalitem049 received the selection from both trades after the scores for all the

criteria were tallied. The cost scores alone are not supportive of those decisions. The major

drivers toward this selection were weight and performance. Weldalitem049 was the baseline;

2219 AL, 2090, DtAC, and HP-9-4-30 were the alternatives.

From a strictly material cost perspective, 2219 AL is the cheapest cost per pound. But the

structural weight of the booster varies with the individual material properties. A normalized cost

per pound was developed for each material based on the individual properties of the material (The

weights increased for some materials due to lower strength properties.) The material cost of the

2219 AL vehicle was the cheapest. For the pump-fed booster 2219 AL was 45% cheaper than any

other material. The closest alternative material was Weldalitem049.

The manufacturing costs were also considered in the cost analysis. Each of the materials

were reviewed based on a qualitative analysis of the manufacturing difficulties that would be

expected. Although the miring effort is easier for the steels in the pump-fed configuration, the

steelswere judged by our manufacundmg representativesas too thinto work with; the alignment

and weld effortgrew relativeto allof the aluminum alloys.The welding effortforthe aluminum-

lithiumalloys(including2090 and Weldalitem049) containsmore unknowns than the 2219 AL.

The 2219 AL manufacturing process parallels the ET program. All of the processes are developed

for this material and therefore, 2219 A1 wins the manufacturing portion of this cost trade for the

pump-fed vehicle-from both a materialand laborcoststandpoint.The Weldaliter_049 did score

highlyforthepump-fed booster,however, achievinga score of 9.5 versusa 10 for2219.

For the pressure-fed booster, the material selected for lowest total cost is the HP-9-4-30

steel. This selection was made because all of the aluminum alloys grew in thickness. The

aluminum alloys would require a multiple pass welding operation - roughly seven times the

welding effort required for the pressure-fed booster steel options. And labor is the largest cost
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driver with 68% of the total cost in the thick pressure-fed structures. With the 244 booster

production program, the material cost would be approximately $375M more for the I-]_P-9-4-30

than for the 2219 AL. This cost and more could saved by reducing the welding effort back to a

single pass operation (as was demonstrated in the case of the electron beam welding analysis). The

overall cost scores for the pressure-fed booster were disparate with a l0 for the HP-9-4-30 and the

next closest material - 2219- with a score of 3.

7.12 AFT SKIRT & TIE DOWN ATTACHMENT TRADE

The cost trade for the alternative construction method of skin-stringer v.s. monocoque for

the aft skirt, and tie down attachment found the skin stringer construction method more cost

effective. The cost scores were supported by the general conclusions of the trade. The cost

criterion carried a 20% weighting factor. This trade was performed with a strength designed

booster. The final design, a stiffness designed booster, incorporates a monocoque structure for

stiffness reasons.

The costanalysisconsideredboth therecurringand the non-recurringcostsof thevehicle.

The non-recurringcostsforthemonocoque aftskirtand tiedown attachment structuresaregreater

than comparable skin-stringercosts.The engineering costs were expected to remain fairly

consistent.The toolingand facilitycosts,however are greaterfor the monocoque. The non-

recurringestimateis$14M higherforthemonocoque.

The reason for the non-recurring cost increase in the monocoque structureis thattwo

manufacturing operationswillbe required.Welding and rivetingoperationsarerequired for the

monocoque design,whereas only rivetingoperationsarc requiredforthe skin-stringer.This will

increasethe initialinvestment costof the toolingand requireadditionalspace in the factoryfor

locatingtheseextratools.

Because two operationswill be required,the recurringcostswould alsobe higher. There

must be both rivetersand welders on hand for the assembly of thisstructure,and the welding

effortwillrequiregreaternondestructivetesting.The rivetingoperationsrequireslesscomplex

toolingand the parameters for assembly arelessstringent.The tolerancesforrivetingoperations

are easierto work with - hence the manufacturing process can be more easilycontrolledand a

better product more easily attained.

7- 15



Recurring labor estimates are $79M lower for the skin-stringer construction method.

Recurring material and subcontract estimates are almost $14M lower than the monocoque. The

monocoque design LCC estimate is $107M more than the skin-stringer design.

7.13 COMPOSITE TANK ALTERNATIVES TRADE

The composite alternative trade considered three material candidates for a pressure-fed non-

cryogenic tank structure. Filament wound and composite overwrap were traded against the welded

tank baseline. The criteria included: cost, manufacturing complexity, weight, safety, reliability,

technical risk, supportability, and performance. When the scores for all of the criteria were tallied,

the welded tank won the trade. The cost scores, however, favored the filament wound tank.

Raw material costs for all of the alternatives were approximately equal. There was,

however, a large difference between the assembly and subcontract costs of the different

construction methods. For the filament wound tank there would be no subcontract effort required.

For both of the other material choices, considerable subcontract effort would be required. The

welded and composite overwrap concepts required milling panels down to form the weld lands.

Additionally, the panels required a machining process to finish off the rough edges. Again, none

of this effort was required for the filament wound composite tank.

The same held true for the labor costs of the construction method alternatives. The filament

wound composite requires fewer people for fabrication of the tank. This is true, in the case of the

welded structure, because the required welding effort for the ahrtost 3 inch weld lands is extensive.

It requires a multi-pass weld effort to fill the weld groove and welding is typically considered a

labor intensive operation. The f'flaraent wound composite tank requires relatively few people to

staff the winding mandrel. There are no major weld stations that require separate tools and

welders, and no sub-assembly weld stations either. In addition, transportation costs for moving

assemblies from station to station are eliminated since the entire tank is fabricated at one station.

The composite overwrap at least doubles the labor requirements when compared to the

filament wound composite. This because both filament winding and welding operations are

required. The set-up times and the manufacturing times are significant. This is a complicated

process with more manufacturing steps and more inspection requirements due to the two different

types of processes.
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From a non-recurring standpoint, the tooling costs vary for the alternatives. A quick look

at the tooling required shows that the composite overwrap requires more tooling than either of the

two other concepts since both welding and winding operations are required. The other two

construction methods only require one operation (i.e., either welding or winding, but not both.)

From a cost perspective, the filament wound tank was the most attractive candidate.

7.14 LRB ENGINE PC TRADE

There is no significant difference in life cycle costs between a 600 psi pressure-fed booster

with engine Pc at 400 psi and a 1000 psi pressure-fed booster with engine Pc at 660 psi. This

assessment is the result of the analysis of two specific booster configurations. While the costs for

most booster subsystems remain fairly constant, there is a trade off between the structures and

engine costs for the two different configurations. The low pressure structures are less expensive

than high pressure structures ($1.4M/Booster), but low pressure engines are more expensive than

high pressure engines ($1.6M/Booster). The analysis shows that the cost of one system faUs at

about the same rate as the other rises.

The major benefit of adopting a booster with a low (600 psi) tank pressure is that the

structures are less expensive. The structures are less expensive for several reasons. First they can

be manufactured out of an inexpensive, well known material--A1 2219. Second, the tank wall

thickness can be reduced thereby reducing the welding effort.

One disadvantage for the low pressure structures is that the diameter is significantly

increased. When the current ET attach points are held constant and the forward attach point is

constrained to the LRB forward skirt, the diameter is forced beyond the 18' limit. The major

disadvantage of a low tank pressure in a pressure-fed booster is the increased engine cost due to

largerchamber diametersand a smallercombustion stabilitywindow.

The major costbenefitof the high pressurebooster(1000psi)isreduced engine costs.The

engine becomes easierto manufacture since the sizeof the engine isreduced (itisover 2000

pounds lighter).Additionally,thehigherpressureengine shouldrequirelessqualificationtime due

to the largercombustion stabilitywindow, which willreduce development costs. Another major

benefitof the high pressureboosteristhatthediameter of the vehicleisapproximately 16'.This

willresultinlower integrationeffortsbecause itopens up thetrajectorywindow thesystem can fly

through. (The integrationsavingswere not quantifiedinthecostanalysis.)
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The disadvantage of the high pressure booster is that the structure costs increase because of

the more expensive material required and the thicker weldlands. A high pressure tank forces the

use of advanced materials, in our case--Weldalitem049. The disadvantage of Weldalitem049 is

that it is currently not a fully developed material. Full development of the material is required for

the success of the structures at this high pressure (1000psi).

For this analysis, other subsystems (i.e., pressurization, propulsion) were assumed to be

constant. In fact, estimates for some subsystems would change, but the change would be small

enough to warrant limiting the analysis to the engines and structures: they represent the major cost

drivers.

The engine unit costs are inputs from Aerojet. The DDT&E estimates are based on

Aerojet's schedule assessment that calls for a 10% longer development program for the lower Pc

engine. The structures estimates are based on this study contractors analysis of the two design

points. The curve between the two points will probably not be flat. There will probably be a step

function at some point in between where a booster can no longer be manufactured with A1 2219

and the jump must be made to the advanced Weldalitem049 materiaL

An additional structural candidate was included in the the analysis to assess the cost impact

for using Weldaliter_M9 as the material for the low pressure booster. The original selection of A1

2219 was anticipated to be the lowest cost option, however, further analysis suggests that although

the engine costs are the same as.for the low pressure A1 2219, the structures costs are actually less

expensive for the low pressure (600 psi) Weldalitem049 vehicle.

The weights for the low pressure LO2 tanks provide some indication of why the costs are

lower for the Weldalitem049 vehicle. The AL 2219 LO2 tank weight is approximately 72,000

pounds, whereas the WeldaliterU049 LO2 tank weight (at 600psi) is approximately 42,000

pounds. The Weldalitem049 600psi structures are $2M less than the WeldaliterM049 1000psi

structures and $600K less than the AL 2219 structures. The engines at 600 psi (tank pressure) are

$1.6M greater than the 1000 psi (tank pressure) engines. So the cost advantage is approximately

$400K per booster. This is not significant (1.0%) when compared to the $40M total booster price

tag, but it does indicate a downward trend favoring slightly the low pressure concept with

WeldaliterM049. The conclusion drawn by this study contractor is that there is no significant

difference in total cost between the high pressure and low pressure boosters.
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7.15 PUMP V.S. PRESSURE TRADE

The pump versuspressure tradecompared the two configurationsin order to identifythe

most attractivecandidate.The costinputsto thistradewere broken down intothe program phases:

R&T, DDT&E and Facilities,and Production. Cost riskscoreswere alsoidentified.The costs

favor the pump-fed booster program over the pressure-fedbooster program. The pressure-fed

program is more expensive than the pump-fed program due to several interactivesubsystem

requirements. The engine costsaredramaticallyreduced for a pressure-fedbooster,but thereisa

corresponding increase in the structuresand propulsion subsystems. The resultis a more

expensive pump-fed engine produces the lowest overallvehicle costs for the boosters. This

conclusion isdrawn for the two specificconfigurationsthathave bccn identified.Should other

factorsbe incorporatedintothebaseline(EB welding,forexample) theconclusioncould change.

The technology costswould be greaterforthe pressure-fedboosterthan forthe pump-fed

booster. The pressure-fedbooster must develop a pressurizationsystem and the material -

Weldalite_049. While the pump requiresWcldalitem049, itrequiresno pressurizationsystem.

Technology costs,however, aresmallin comparison with theentireprogram.

There isno significantdifferencein theDDT&E costsof thepump and pressurefed booster

programs. Both unburdened estimates are approximately 2.4 billion dollars (for facilities, as well

as, design & test efforts). The pressure-fed booster would have to use the plasma arc/GMA

welding processes due to the wall thicknesses. This DDT&E effort would cost more than .the

single pass plasma arc welding process for the pump-fed booster. However, the engine costs for

the pressure-fed booster are lower than the comparable pump-fed engines. Hence there is a trade

off between the stage and engine costs of the two configurations such that the DDT&E costs

remain relatively flat.

The productionestimateisthe only areawhere thecostvariessignificantly.The pump-fed

booster would require$8.8B and the pressure-fedbooster $9.8B. This differenceisdue to the

unitcostdifferenceof thetwo configurations.The pressure-fedboosterisdriven by thestructures

and propulsioncostswhere as thepump-fed boosterisdrivenby theengine costs.This difference

isthebasisof the tradescoresprovided (Pump-10, Pressure-8).

The cost risk for the two booster configurations is greater for the pressure-fed booster than

for the pump-fed booster. This results from the fact that the welding costs for the pump-fed

booster are more certain since we have the knowledge and the capability to weld 0.5 inch
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thicknesses. The pressure-fed booster may require a development program should unexpected

results occur in the thick welding operations. The welding process is difficult for weld thicknesses

approaching 3.0 inches. Complications may arise in the development: the scores reflect this

uncertainty.

7.16 EXPENDABLE VS REUSABLE LRB TRADE

Our assessment of LRB recovery and reuse was performed as a trade study against well

defined, expendable baseline booster concepts. We examined both pressure-fed and pump-fed

booster reusability. To the expendable baseline vehicles, we added recovery hardware and an SRB

type recovery operations cycle. In order to meet the study requirements of providing preliminary

design definition for a near term, feasible LRB for the NSTS, no attempt was made to define an

advanced flyback booster concept. Dry recovery of the booster hardware would have avoided our

main concern with reusability (i.e., impact loads and salt water intrusion damage to the hardware)

but the technical feasibility of a flyback booster seems somewhat uncertain as a near term LRB

alternative.

Cost analysis support of the potential benefits of recovery and reuse of _ hardware was

provided to the project trade study analysis group. The results of the cost analysis showed that

recovery and reuse of LRB hardware provided a 7 to 10% cost savings over the expendable

baseline systems. Due to the inherent risks in recoverable/reusable systems a fairly significant

LCC estimate benefit must be attainable or these risks would tend to force a selection of an

expendable system. Although the savings might be achieved, the basic uncertainty in the key

assumptions combined with the performance, complexity, maintainability and safety concerns with

regard to recovery, lead us to recommend expendable systems. The key assumptions that were

made included the refurbishment requirements of the recovered booster. Because of the limitations

in reusable systems historical data base and the uncertainty of the damage incurred to the hardware

due to water impacts and salt water intrusion, our assessment may be somewhat conservative.

Further analysis is required to determine the condition of the hardware after recovery. If the

historical SRB recovery data were made available it might serve as a more comprehensive basis to

understanding these key variables.

7.16.1 Reusability Options

The baseline expendable boosters were traded against two different recovery/reusability

vehicle concepts. The first reusable booster concept included salt water recovery of the entire

booster and selective refurbishment of specific subsystems. The recovery operations definition

7 - 20



was identical to the current parachute deceleration, log style tow back of the SRBs. After return to

the launch site, the booster received a fresh water spray and entered an LRB disassembly facility.

The booster was completely dismantled within this facility and reusable hardware was packed and

shipped to refurbishment depots. Refurbished parts reentered the manufacturing process in a

fashion similar to new parts.

Due to the low probability of reusing the booster hardware forward of the aft booster skirt,

a second reusable booster concept was clef'reed. Our approach included adding a separation system

at the aft skirt/fuel tank assembly to allow recovery of only the engines and parts of the main

propulsion system, avionics and pressurization system. The rerrminder of the booster, including

the tankage and forward structures was expended. This approach provided three desirable

benefits. First it allowed a reduction in the size of the deceleration system. Second, it minimized

the exposure to salt water by bringing the recovered aft section (propulsion/avionics module) on

board the recovery ship to receive an immediate fresh water wash. And third, the approach

minimized the handling and disposal of non-reusable hardware. The recovered aft section was

returned to the launch site for disassembly, component packaging, and shipment to the hardware

component's refurbishment depot. Again, refurbished parts reentered the booster manufacturing

cycle in a a fashon similar to new parts.

7.16.2 Trade Assumptions

The trade between reusable and expendable boosters required definition of several key

variables in order to perform a cost analysis. Production learning/rate improvement curves had to

be defined for the reusable systems in relation to the higher production rates of the expandable

baselines. Requirements unique to reusable systems required definition of hardware refurbishment

requirements and refurbishment improvement curves in comparison to new hardware production

requirements, hardware service life, booster turnaround cycles, and recovery attrition rates. The

key cost variables include: production learning/rate improvement curves; service life for engines,

structures, and other systems; average refurbishment factors for engines, structures, and other

systems; and reusable hardware attrition factors.
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V a r i a b ! e Pu m. Press u re

Engine Service Life 10
Other Systems Service Life 15
Up Front Cost Penalty 8%
Average Engine Refurbishment Factor 30%
Average Other Systems Refurbishment Factor 30%
Reusable Hardware Attrition (Varies by Subsystem) 0-100%
Stage Production Learning Curve (Reusable) 95%
Stage Production Learning Curve ('Expendable) 85%
Stage Refurbishment Learning Curve (Reusable) 90%

15

15

8%
50%

30%

0-100%

95%
85%

9O%

Table 7.16.2-1 - LRB Reusable/Expendable Key Variables

Table 7.16.2-Iidentifiesthebaselinevaluesforthekey variablesused inthistradeforboth

the expendable and reusable LRBs. The baseline values for the pump and the pressure-fed

reusable boosters are the same except in engine refurbishment and service life factors. The primary

discriminators between recovery of the entire booster versus only the propulsion/avionic module

occurred in the booster design, recovery, disassembly operations and recovered hardware.

As much as possible,each of the above variableswere defined ina discretefashion. The

major problem indetermining the valuesof thesekey variablesisthe wide varianceinthe limited

historical data base of similar hardware programs. A series of sensitivities follows the presentation

of the baseline trade study results to assist decision makers as the values of these variables

becomes better defined.

One note needs attention regarding our approach to attrition. Due to the packaging of

certain reusable subsystems and their physical location in the booster, our attrition factors

incorporate the loss of some subsystem components. Examples include our baseline structures

attrition (100% expendable), the main propulsion system (70% of the subsystem is reusable), to

engines (0% attrition, with parts replacement included in the refurbishment factors).

A more detailedjustificationof the key engine assumptions follows and serves as an

example of our approach to thedefinitionof key reusablevariables..
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Engine Assumptions

1 Basis for DDT&E reusable/ expendable manhours-

The pump-fed LRB is based on ATC's STBE design. Current engineering labor

estimates are 1200 man-years total DDT&E time. For the pressure-fed LRB estimates

were made at 75% of pump or 840-man-years. This is based on the difficulties in

combustion stability due to a lower pressure ratio across the injector, and the fact that

in a man-rated program, a high portion of the manhours are design independent. On

a production unit cost basis, pressure-fed designs are about 65% of pump-fed costs.

There is a 10% uncertainty cost factor included in the comparison of engine

production cost vs engineering development costs.

2 Production learning curve slope (expendable)

A 90% learning curve slope was used for this analysis of expendable engines. This

is based on a production run of 650 engines over a manufacturing period of 5 years

(120/year). This number is based on Titan IVTitan III peak build rates experienced at

ATC (250+/year) and the current average build rate (54/year).

3 Production learning curve slope (reusable)

A 95% learning curve slope was used for this analysis of reusable engines. This is

based on a total production run of 24-72 engines (depends on pressure vs pump, and

wet vs dry recovery). This translates to a build rate of only 6-15 engines/year. The

low initial build quantity and rate contributes to the higher learning curve used.

4 Refurbishment learning curve slope

A 93% learning curve slope for the cost of refurbishing engines. This is based on the

high amount of material review board activity required to disposition hardware after

rework. This type on refurbishment activity is inherently more labor intensive and

uncertain than the fh'st initial engine build. There is a cumulative effect of both the

disassembly and irregular rework activities.
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5 Service life (dry recovery)

The servicelifeof 30 flights/engineforpressurefed and pump fed engines isbased

on the current STBE analysis. ATC feels that thisis probably a conservative

estimate.Partof the30 Right logicisbased on thecostof demonstratingthe required

reliabilityduringthe qualificationprogram. Increasingtheengine lifemay necessitate

running severalhundred more qualificationteststo verifythe reliabilityforthe added

number of engine flights.This coupled with the refurbishment and overhaul costs

per engine may resultinLCC gains.

6 Engine service life (water recovery)

The ATC estimates arc 15 flights for pressure-fed, and 10 flights for pump-fed

engines. The rational is that thermal stresses and shock loads plus water inf'fltration

into the connectors, cavities etc. will be life limiting.

7 Engine refurbishment costs

The trade was performed with a 40% refurbishment factor for pressure and 20% for

pump ( based on new unit costs). The pressure-fed engines require a new ablative

chamber with each flight, so this makes the cost higher than the pump. This is based

on the Titan IIservicelifeanalysisprogram historyand the currentcontractsfor

refurbishing Titan II ICBMs to SLVs. This effortincludes the cleaning and

refurbishmentof the thrustchambers toremove thecarbon depositsfrom RP- 1.

8 Salt water refurbishment costs

An additional 10% factor is applied to both engines above and includes special

cleaningand passivationrequiredafterLRB recovery. Integrityof hermeticsealsand

connectorsalsoadds tothe cost.

9 Engine overhaul costs

A 40% of manufacturing unitcostfactorwas used forpump fed land based recovery

overhauls (30 flightlifewith overhaul after15 Rights) thisisbased on the 1988

currentcontractsforTitan IIoverhaul. Itincludesas engine acceptance testcostof

approx. $.4M per engine. A 75% of manufacturing unitcost factorwas used for

pressurefedengines. This isbased on replacementof additionalcyclelifeof duration

dependent components, new instrumentation,etc.
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7.16.3 Detailed Results

Table 7.16.3-1 presents the summary LCC estimates for the pump-fed expendable booster

in comparison to the two reusable booster alternatives. The technical definition of our reusable

boosters attempted to minimize the front end cost of the reusable booster acquisition by limiting the

hardware additions to recovery systems and, in the case of the partially recoverable concept, a

separation system. Additionally, we assumed maximum utilization of existing SRB recovery

support equipment and facilities. This accounts for the minor DDT&E impact for the reusable

booster concepts. The total LCC savings provided by the reusable boosters is $1.3B to $1.4B

constant year dollars. This amounts to approximately a 7% LCC advantage for the pump-fed

booster.

DDT&E/Facilities
Production/Refurb

Government Support

Totally Partially

_ Recoverable
$2.6 $2.8 $2.9
10.8 9.7 9.5

5.4 5.0 5.0

Total $18.8 $17.5 $17.4

Table 7.16.3-1 - Baseline Reusable/Expendable Booster LCC Estimates (1987 $B)

The pressure-fed booster resultsexhibited a similarcost trend with slightlyless cost

savings due to the higher refurbishment requirements of the pressure-fedengine. The potential

recovery and reuseof the pressure-fedboosterstructurescould greatlyenhance the attractiveness

of a reusablepressure-fedboosterconcept.

7.16.4 Recovery Cost Sensitivities

The recovery cost sensitivities are included here to point out the fact that any of a number of

small changes to the baseline assumptions can have a large impact in the outcome of this trade.

Recoverable LRBs won the costtrade(thecomplete tradeselectedan expendable version duc to

otherfactorsas well asthe magnitude of thecostmargin) but thatcould change as the assumptions

change. These sensitivityanalyses show a number of differentcrossover points where the

selectionof an alternateassumption changes theoutcome of the trade.These sensitivitiesarc not

exhaustive,but fullyindicatethepotentialfor therecoverablecostestimatetovary with respectto

thc expendable boosterestimatesifthebasisforthe valuesof thesekey variablcschange.
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7.16.4.1 LCC Sensitivity Service Life

Figure 7.16.4.1-1 highlights the sensitivity of the reusable LRB estimates to booster

service life (i.e. how many times can the booster be refurbished and reused). The expected

service life will determine the number of reusable elements required to service a finite number of

uses by refurbished elements. The analysis demonstrates that under the groundrules and

assumptions of the LRB study, a service life of 20 to 25 flights is adequate and that further

improvements in service life provide diminishing cost benefits.
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Figure 7.16.4.1-1 - LRB LCC Sensitivity To Service Life Assumptions

7.16.4.2 LCC Sensitivity: Refurbishment Factors

The refurbishment requirements of an LRB include the recovery of the boosters,

disassembly, inspection, refurbishment and reassembly. The amount and condition of the

hardware recovered determine the advantages of reusing the element. An airline mission offers a

fairly benign recovery method and thus very little flight to flight refurbishment is required. The

LRB suffers a fairly severe recovery environment with the combination of impact and salt water
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corrosion very poorly understood at this time. The sensitivity of LRB LCC to the amount of

required refurbishment highlights the breakeven point for reusable systems at approximately 40 %

(see Figure 7.16.4.2-1). Any improvement in the refurbishment profiles would obviously further

enhance the attractiveness of reusable LRB concepts.
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Figure 7.16.4.2-1 - LRB LCC Sensitivity To Refurbishment Assumptions

7.16.4.3 LCC Sensitivity: Learning Curves

The recurring LCC estimate for a reusable system is a combination of the required

inventoryunitsand the refurbishmentrequirementsof the hardware aftereach use. The sensitivity

of theestimatestotheproductionand refurbishmentlearningcurve assumptions isa functionof the

total quantities of production units and refurbishment. The expected service life and turnaround

time affects the number of production units required with the remainder of the missions being

satisfied by refurbished units. The total number of flights originally groundruled for this study

was 81. Each flight requires 2 boosters so the total number of booster flights was 162. From this

data along with the estimated booster turn around times we determined the number of reusable

boosters required to satisfy all launch requirements.

The refurbishment requirements are a function of the condition of the hardware upon return

from flight (i.e., non-standard cycles). So refurbishment learning curves would most likely be
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worse than comparable production learning curves for expendable boosters. Figure 7.16.4.3-1

highlights the fact that the refurbishment learning assumptions are more sensitive to changes than

the production learning curves. At a refurbishment learning curve of approximately 95% (our

baseline was 90%), reusable LRB costs cross over the expendable LRB cost line - making

expendable LRBs more attractive than reusable. Although not shown on the graph, it is important

to mote that ff the projected 85% expendable production learning curve is not achieved, the cost

advantage increases for the reusable system.
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1.0 INTRODUCTION

The definition of a Work Breakdown Structure (WBS) for the Liquid

Rocket Booster (LRB) is developed in the context of the current Shuttle

configuration less the solid rocket boosters.

2.0 WORK BREAKDOWN STRUCTURE

The WBS for the LRB Project (Figure 1) is a derivative of the NSTS

WBS. Thls WBS format is a two-dimensional matrix comprised of hardware

elements (rows) vs program phases/functlons (columns). The numerical

coding system utilized follows the NASA speclfled format. This system

allows each matrix position to be uniquely identified by a WBS number.

The cost estimates for LRB hardware elements will be reported for those

matrix positions identified with an "X".

3.0 WBS DICTIONARY

The WBS dictionary details the particular efforts and materials

required to support all aspects of the National Space Transportation

System. The dictionary Is divided into two sections: one independently

defines each hardware element; the other each program phase/functlon.

Each matrix position can be uniquely defined by coupling a hardware

element definition with a phase/functlon definition. The LRB cost

estimates are developed within the context of the following deflnitlons.

3.1 Hardware Elements

3.1.1 Dimension

A typical hardware element breakdown for the NSTS is shown in

Figure 2. As the subject of this study, the LRB is divided into various

subsystem elements. Definitions for the LRB subsystem elements and all

the NSTS hardware elements follow Figure 2.

3.1.2 Definitions of Hardware Elements

01-00-00 National Space Transportation System (NSTS)

Thls is a summary level hardware element comprised of all efforts,

materials, and facilities required for research and technology (RAT);

design, development, test and evaluation; production; and operation of

the launch vehicle. This item includes the following hardware elements

which are combined to provide a total system:

01-01-00 Vehicle Integrated Systems

01-02-00 Orbiter

01-O3-O0 Tank

01-04-00 LRB

01-05-00 System Level GSE

I
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01-01-00 VEHICLE INTEGRATED SYSTEM

This element sums the effort and material required to integrate all

of the individual hardware elements into a practical, usable,

functioning system.

01-02-00 ORBITER

All effort and material that is required by the orbiter during the

LRB project is summarized in this hardware element. This element is

comprised of the following subsystems: systems integration, structures,

propulsion, power, GSE, propellant, engines, avionics, ECLSS, and ASE.

Changes to any of these subsystems due to the deletion of SRB's and the
inclusion of LRB's will be reflected at this level in the WBS.

The following elements are subsystems of the orbiter hardware

system. Each element sums the effort and material required for every

subfunctlon in the WBS. The subfunctlons are grouped according to the

program phases (i.e.,R&T, DDT&E, production, operations, and

facilities).

01-02-01 ORBITER - SYSTEMS INTEGRATION

This subsystem includes elements associated with integration of

major assemblies, testing, systems engineering, and program

management of the total orbiter hardware category.

01-02-02 ORBITER - STRUCTURES

The structural elements of the orbiter include the crew module,

thrust structure, fuselages, wings, tail, speed brakes, flaps,

stabilizers, heat shields, landing gear, OMS pods, windows, doors,

and external tank fittings.

01-02-03 ORBITER - PROPULSION

Orbiter propulsion is comprised of the follow_ng components: the

OMS, the Reaction Control Subsystem (RCS), propellant feed systems

between the engine interface and the propellant tankage systems,

lines, valves, regulators, controls, tank venting systems,

pressurization systems, and engines. This element specifically
excludes the SSME's.

01-02-04 ORBITER - POWER

This hardware element is comprised of two elements: electric power

and hydraulic power. Typical hardware in the electric power

subsystem are fuel cell powerplants, pumps, power reactant storage

and distribution systems, main bus distribution assemblies,

batteries, auxillary power generators, power converters, power

conditioners, distributors, cables, and wiring. The hydraulic

system is comprised of the components required for the generation,

control, distribution, monitoring and use of hydraulic power.

Hydraulic power operates the aerosurface controls; the SSME control

valves; the hydraulic on-orbit thermal controls; the landing gear;

the maln wheel brakes; and the nose wheel steering.



01-02-05 ORBITER - GSE

This hardware subsystem contains all the Ground Support Equipment

(GSE) required to move, mate, or process the orbiter. Typical

hardware in this element includes mechanical equipment, electrical

equipment, and structural and handling equipment. This element

excludes vehicle hardware items required to mate the payload to the

Orbiter.

01-02-06 ORBITER - PROPELLANT

The propellants required for OMS

inducing fuels/oxidizers for the

this element.

& RCS propulsion and

orbiter systems are

all motion

included in

1-02-07 ORBITER - ENGINES

This element summarizes cost for the SSME's. The elements

contained in the engine subsystem include: fuel and oxidizer

turbopumps, fuel preburners, injectors, nozzles, and conduit and

fuel lines that are fully contained in the engines.

01-02-08 ORBITER - AVIONICS

The elements contained in the avionics subsystem include guidance,

navigation, and control (GN&C), data management (DM) , fllght

instrumentation, communications, air traffic control equipment, and

all displays and controls. Typical hardware utilized by this

subsystem are computers, data recording and storage units, databus

interfaces, inertial measurement units, rate gyros, RSS, signal

conditioning, caution and warning equipment, antennas, and tracking

and telemetry.
i

1-02-09 ORBITER - ECLSS

The Environmental Control Life Support Systems (ECLSS) required for

the habitation of the orbiter are included in this hardware

element. There are Four ECLSS subsystems: (1) Air Lock Support

Subsystem, (2) Food, Water & Waste Subsystem, (3) Atmospeheric

Revitalizatlon Subsystem, and (4) Active Thermal Control Subsystem.

01-02-10 ORBITER - ASE

The airborne support equipment subsystem includes those launch

vehicle hardware items required to mate the payload with the launch

vehicle and to llnk with and separate from the payload. Included

are such items as structural and mechanical equipment, fluid

systems, and electrical and avionics equipment that provide launch

vehlcle/payload interfaces while the payload is in the cargo bay,

and while it is entering/ leaving the bay during a mission.



01-03-00 EXTERNAL TANK

All effort and material that is required by the external tank

during the LRB project is summarized in this hardware element. This

element is comprised of the following subsystems: systems integration,

structures, propulsion, power, GSE, and propellant and TPS. Changes to

any of these subsystems due to the deletion of SRB's and the inclusion

of LRB's will be reflected at this level in the WBS.

The following elements are subsystems of the ET hardware system.

Each element sums the effort and material required for every subfunctlon

in the WBS. The subfunctions are grouped according to the program phases

(i.e.,R&T, DDT&E, production, operations, and facilities).

01-03-01ET - SYSTEMS INTEGRATION

The systems integration subsystem includes elements associated with

integration of major assemblies, testing, systems engineering, and

program management of the total ET hardware category.

01-03-02 ET - STRUCTURES

The structural elements of the ET include the following components:

intertank, LO2 tank, LH2 tank, booster attach brackets, orbiter

attach brackets, slosh baffle, vortex baffle, booster beam, nose

cone, thrust fittings, struts, aerodynamic falrings, and cable

trays.

01-03-O3 ET - PROPULSION

ET propulsion is comprised of the following components: LO2 feed

system, LH2 feed system, tumbling system, pressurizatlon/vent and

relief system, valves, fuel feed lines, umbillcals, and the

environmental control system.

01-03-04 ET - POWER

Typical hardware contained in the power subsystem include

electrical cables and links between systems, operational

instrumentation, temperature sensors, pressure sensors, heaters,

disconnect panels, separation controls, and the lightning

protection system.



01-03-05 ET - GSE

The ground support equipment

transporters, dollies, and cranes.

are mechanical, and structural

production and processing.

01-03-06 ET - PROPELLANT

required for the ET include: ET

Also included in this category

equipment used to support ET

01-03-07 ET - TPS

This hardware element includes all materials required to thermally

protect the ET. Included are all insulating materials: SLA, SOFI,

BX-250, PDL, NCFI, CPR-488, MA25, etc.

The propellants utilized by the ET include L02, LH2. Also included

in this element are all required purge gases: GHe and GN2.



01-04-00 LRB

All effort and material that is required by the liquid rocket

boosters during the LRB project is summarized in this hardware element.

This element is comprised of the following subsystems: systems

integration, structures, propulsion, power, GSE, propellant, TPS,

engines, avionics, and recovery. Changes to any of these subsystems due

to the deletion of SRB's and the inclusion of LRB's will be reflected at

this level in the WBS.

The following elements are subsystems of the LRB hardware system.

Each element sums the effort and material required for every subfunctlon

in the WBS. The subfunctions are grouped according to the program phases

(i.e., R&T, DDT&E, production, operations, and facilities).

01-04-01LRB - SYSTEMS INTEGRATION

This subsystem includes elements associated with integration of

major assemblies, testing, systems engineering, and program

management of the total LRB hardware category.

01-04-02 LRB - STRUCTURES

The structural elements of the LRB include the thrust assemblies,

aft skirts, nose cone, forward shell, heat shields, intertank, fuel

tank, oxidizer tank, and interface hardware.

01-04-03 LRB - PROPULSION

LRB propulsion is comprised of the following components: propellant

feed systems between the engine interface and the propellant

tankage systems, lines, valves, regulators, controls, tank venting

systems, and pressurization systems.

01-04-04 LRB - POWER

This element is comprised of two subsystems: electric power and

hydraulic power. Typical hardware contained in the electric power

subsystem are electrical cables and links between systems,

batteries, operational instrumentation, temperature sensors,

pressure sensors, heaters, disconnect panels, and the lightning

protection system. All hydraulic power in the LRB is included in
this element.

01-04-05 LRB - GSE

This hardware subsystem contains all the ground support equipment

required to move, mate, or process the boosters. Typical hardware

in this element includes the following: mechanical equipment,

electrical equipment, and structural and handling equipment.

$



01-04-06 LRB - PROPELLANT

The propellants required for launch and prelaunch activities are

included in this subsystem. The propellants consist of a fuel, and

an oxidizer. Purge gases are also included in this element.

01-04-07 LRB - TPS

This hardware element includes all materials required to thermally

protect the LRB. Included are all insulating materials: SLA, SOFI,

BX-250, PDL, NCFI, CPR-488, MA25, etc.

01-04-08 LRB - ENGINES

The elements contained in this subsystem include fuel and oxidizer

turbopumps (for the pump fed configuration), fuel preburners,

injectors, nozzles, and conduit and fuel lines that are fully

contained in the engines.

01-04-09 LRB - AVIONICS

The avionics hardware required for the LRB's include such items as

the range safety system, computers, recorder and storage units,

databus interface, and the separation avionics.

01-04-10 LRB - RECOVERY

The recovery hardware includes the parachutes, the

location aid, and transportation equipment required

reusable items to the refurbishment facilities.

frustrum

to return

9



01-05-00 SYSTEM LEVEL GSE

This major hardware element sums all effort and material required

to provide all ground support equipment that is not directly

attributable to a specific hardware item. Typical support equipment

that is included in this element includes shuttle busses utilized for

transporting astronauts and material handling equipment to lift or move

loads to a staging area.

3.2 Phase and Function

3.2.1 Dimension

This dimension is divided into five major phases: Research and

Technology (RAT); Design, Development, Test and Evaluation (DDT&E);

Production; Operations; and Facilities. Figure 3 relates all phases and

functions of the WBS to the LRB Program. The RaT phase provides a top

level view of the effort and material required to establish new

technology. The remaining phases are divided into lower level elements

(function and subfunctlon) and provide a more detailed view of

requirements. Changes to any of these functions or subfunctlons due to
the deletion of SRB's and the inclusion of LRB's will be reflected at

this level in the WBS. Definitions of the WBS elements

(phase/functlon/subfunctlon) and diagrams of each phase structure

follow.

I0
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3.2.2 Definitions of Phases and Functions

10000 National Space Transportation System (NSTS)

This WBS element sums the effort, material, and facilities required

for RaT, DDTaE, production, and operations of the NSTS Program.

1000 R&T Phase

This phase element includes the effort and material

advance the state-of-the-art in selected technologies.

emphasis will include, but not be limited to, the following:

required to

Areas of

Propulsion

Engines

Manufacturing

TPS

Composite Materials

Hardware Recovery

Figure 4 graphically relates

subfunctlon levels in the WBS.
this phase with the function and

2000 DDT&E phase

This phase encompasses the effort and material

demonstrate the performance capabilities of the hardware.

functional levels are summarized:

required to

The following

2100 Program Support

2200 Engineering

2300 Manufacturing

2400 Test

2500 Operations

This phase includes mlsslon analysis and requirements deflnltlon;

mission and support hardware; functional deflnltlon and design

specification; design support; test hardware manufacture; and all flight

test efforts. Also included are special test equipment (STE);

development tooling; logistics; training (that is not covered in

operations); developmental spares; and other peculiar program costs not

associated wlth repetitive production.

Figure 5 graphically relates this phase with the function and
subfunction levels in the WBS.
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2100 DDT&E Phase - Program Management

This DDT&E element includes all effort and material required for

management and fundamental direction to ensure that a quality product is

produced and delivered on schedule and within budget. The specific
lower level items that are included are:

Program Administration

Program Planning and Control
Contracts Administration

Engineering Management

Manufacturing Management

Support Management

Quality Assurance

Configuration Management

Data Management

These items sum all effort required to provide direction and

control during the development of the system. The efforts include:

planning, organizing, directing, coordinating, and controlling the

project to ensure that overall project objectives are accomplished.

2200 DDT&E Phase - Engineering

The Engineering function includes all effort and material

associated with the analysis, design, development, evaluation, and

redesign of specified hardware elements and the supporting software.

This element is divided into the following subfunctions:

2210 Systems Engineering and Integration

2220 Design and Development Engineering

2230 Ground Software Engineering

2240 Flight Software Engineering

2210 DDT&E Phase - Systems Engineering and Integration

This DDT&E element includes the engineering effort required to

establish a technical system baseline by generating system configuration

parameters, criteria, and requirements. Specifically included, are the

following:

Engineering Analysis and Systems Integration

Human and Value Engineering

Logistics and Training

Safety, Rellabillty, Maintainability, and Quality Assurance

Requirements

15



2220 DDT&E Phase - Design and Development Engineering

This DDTaE element includes all effort and material associated with

the analysis, design, development, evaluation, and redesign necessary to

translate a performance specification into a design. Specifically

included are the preparation of specification and fabrication drawings;

parts lists; wiring diagrams; technical coordination between engineering

and manufacturing; vendor coordination; data reduction; and

engineering-related report preparation. This element is further

subdivided into the following:

Structures

Propulsion

Manufacturing

Mechanical

Aerodynamics

Avionics

Electrical

Quallty/Safet7
Thermal

2230 DDTaE Phase - Ground Software Engineering

This DDT&E element includes all effort and material required for

the design, development, production, checkout, maintenance, and delivery

of computer software required to support ground testing, production,

operations. Also included is software engineering efforts required to

modify any KSC launch processing software. Excluded is the software

required onboard any flight vehicle.

2240 DDT&E Phase - Flight Software Engineering

This DDT&E element includes all effort and material required for

the design, development, production, checkout, maintenance, and delivery

of computer software. Included is all onboard vehicle software, mission

software, and simulation software.

2300 DDT&E Phase - Manufacturing

This DDT&E element includes the effort and material necessary to

produce the various items of test hardware required by the program,

including inspection assembly and checkout of tools, parts, material,

subassemblies, and assemblies. The testing of this hardware is

accomplished under system test operations. The test articles (TA)

considered under this element include development models; engineering

models; design verification units; qualifications models; structural

test units; thermal models; mechanical models; and prototypes. This

element is further subdivided into the following:

2310 Tooling and STE

2320 Ground Test Hardware

2330 Flight Test Hardware

16



2310 DDT&E Phase - Tooling and STE

This DDTaE element includes all effort and material associated with

the planning, design, fabrication, assembly, inspection, installation,
modification, maintenance, and rework of all tools, dies, jigs,

fixtures, gauges, handling equipment, work platforms, and STE necessary

to manufacture DDT&E vehicles.

2320 DDTaE Phase - Ground Test Hardware

This DDT&E element includes all effort and material required to

produce the various items of required ground test hardware. Ground test
hardware includes such items as static and dynamic test models; thermal

and firing test articles; and the qualification test unit. Also

included are those efforts and materials required for acceptance

testing, quality control, and assembly of ground test hardware. In

addition to initial fabrication, this element includes all rework and

modification efforts and materials.

2330 DDTaE Phase - Flight Test Hardware

This DDT&E element includes all effort and material required to

produce the various Items of flight test hardware: including the

manufacture of all program hardware used to demonstrate operational

flight readiness during DDT&E.

2400 DDT&E Phase - Test

Thls DDT&E element includes all effort and material required for

qualification, integration, system/subsystem development testing, and

the design and fabrication of test fixtures. This element is further

subdivided into the following:

2410 Ground Systems Test Operatlons

2420 Flight Systems Test Operations

2430 Test Fixtures

17



2410 DDT&E Phase - Ground Systems Test Operations

This DDT&E element includes all effort and material required to

verify that all ground systems operate as required. This element

includes design feasibility tests and integrated systems tests that are

required to verify performance to specifications.

2420 DDT&E Phase - Flight Systems Test Operations

This DDTaE element includes all effort and material required to

determine the operational characteristics and compatibility of

assemblies, subsystems, and systems with the total system and its

intended environment. This element includes design feasibility tests

and integrated systems tests that are required to verify performance to

specifications. The tests are conducted on hardware that has been

produced, inspected, and assembled by established methods.

2430 DDTaE Phase - Test fixtures

Thi3 DDT&E element includes the

the design and fabrication of the

support system/subsystem tests.

effort and material required for

unique test fixtures required to

2500 DDT&E Phase - Operations

This DDT&E element includes all effort and material required to

operate the hardware defined in the corresponding hardware elements

during flight test operations. The following are subfunctlons:

2510 Operations Support

2520 Launch Support

2510 DDTaE Phase - Operations Support

This element includes all effort and material required to support

the DDT&E flight test program. Mission control monitoring, which

provides the information required to control, direct, and evaluate the

mission from prelaunch through recovery, is included in this element.

2520 DDT&E Phase - Launch Support

This element includes all effort and material required to support

launch and recovery operations during the DDT&E flight test program.
Also included are those efforts and materials associated with the

receipt of the major mission hardware categories. In addition, this

element includes subelements such as ground operations (including

recovery) and propellant operations. Payload integration is excluded.

18



3000 Production Phase

This phase includes all effort and material required for the

production of the reusable flight hardware to meet all operational

requirements. Although this phase includes the production of initial

spares, it excludes the operational spares as they are included under

the operations phase. This phase includes the following functions:

3100 Program Support

3200 Engineering

3300 Manufacturing

Figure 6 represents the relationship of this phase

function and subfunction levels.

to the WBS

3100 Production Phase - Program Support

This element includes all effort and material required to ensure

fundamental direction, and to make decisions that ensure a quality

product is produced and delivered on schedule and within budget.

Specifically included are the following items:

Program Administration

Program Planning and Control

Contracts Administration

Engineering Management

Manufacturing Management

Support Management

Quality Assurance

Configuration Management

Data Management

This item sums all effort required to provide direction and control

of the production of the system, including the planning, organizing,

directing, coordinating, and controlling the project to ensure that

overall project objectives are accomplished. These efforts overlay the

other functional categories to assure that they are properly integrated.

3200 Production Phase - Engineering

This element includes the sustaining engineering effort and

material necessary to facilitate production and to resolve day-to-day

production problems. This element includes the following:

3210 Systems Engineering and Integration

3220 Design and Development Engineering

_9
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3210 Production Phase - Systems Engineering and Integration

This element includes the recurring engineering efforts related to

the maintenance of a technical basel_ne for systems' configuration

parameters, criteria, and requirements. This baseline may include

specifications, procedures, reports, technical evaluation, software, and

interface definition. This element also includes those efforts required

to monitor the system during production to ensure that the hardware

conforms to the baseline specifications.

3220 Production Phase - Design and Development Engineering

This element includes the recurring effort and material associated

with the sustaining engineering required during production of the

reusable flight hardware and initial spares.

3300 Production Phase - Manufacturing

This element includes the recurring effort and material required to

produce reusable flight hardware and initial spares. Tooling and

special test equipment (STE) required for production and testing are

included in this element. The following subfunctlons are related to the

Manufacturing function:

3310 Tooling and STE

3320 Reusable Flight Hardware

3310 Production Phase - Tooling and STE

Thls element includes the fabrication of production tooling and

those sustaining efforts necessary to facilitate production and to

resolve production problems involving tooling and STE. Thls element

also includes the production and/or procurement of tooling replacement

parts and spares.

3320 Production Phase - Reusable Flight Hardware

This element includes all effort and material required to produce

reusable flight hardware. In addition to the purchase of material, this

element includes the effort required for production operations. The

production operations include fabrication, assembly, rework,

modification, and installation of GFE. Also included in this phase, are

efforts and materials required for quality control and acceptance

testing of these hardware items.
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4000 Operations Phase

This phase includes the effort and material associated with the

receipt of the stages, shrouds, etc. at the launch site, as well as, the

processing, testing, and integration required to prepare for the launch

and the recovery of mission hardware. This phase also includes reusable

hardware spares procurement to support hardware refurbishment and

replenishment operations, expendable hardware procurement, initial

spares procurement, and GSE maintenance. This element is subdivided

into the following:

4100 Operations Support

4200 Launch Support

Figure 7 graphically relates this phase with the function and

subfunction levels in the WBS.

4100 Operations Phase - Operations Support

This operations element includes the effort and material required

to support the operational program. This item also Includes the

operations and program support of mission control facilities and

equipment. In addition, it includes reusable hardware spares

procurement to support hardware refurbishment and replenishment

operations, expendable hardware procurement, and GSE maintenance. This

element is subdivided into the following:

4110 Program Support

4120 Reusable Hardware and Spare Procurement

4130 Expendable Hardware Procurement

4140 Flight Operations

4150 Network Support

4110 Operations Phase - Program Support

This operations element includes the effort and material required

to support the operational program. Included, are the hardware/misslon

control center effort and the associated contractor effort which support

the operations phase of the program. In addition, mission planning,

mission control, sustaining engineering, and program management

activities for hardware delivery in direct support of the program are

included. Both the civil service and support contractor efforts at the

hardware/misslon control centers are included. This item includes the

following:

Management systems

Operations and Maintenance of Computers and Terminals

Systems Engineering Support

Requirements Documents

Flight Planning Support

National Weather Service

Sustaining Engineering

22
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4120 Operations Phase - Reusable Hardware Spares Procurement

This operations element includes all production, refurbishment, and

spares cost of the reusable hardware during the operational phase of the

program. Included are sustaining engineering efforts, tooling efforts,

and those efforts that are required to maintain standard test equipment.

4130 Operations Phase - Expendable Hardware Procurement

This operations element includes all the production costs for

expendable hardware during the operational phase of the program. This

element includes the sustaining engineering efforts required to maintain

and improve manufacturing processes and techniques and the effort to

resolve the day-to-day production problems. This element also includes

all effort and material associated with the planning, design,

fabrication, assembly, inspection, installation, modification,

maintenance, and rework of all tools, dles, jigs, fixtures, guages,

handling equipment, work platforms, and STE necessary to manufacture

expendable hardware vehicles.

4140 Operations Phase - Flight Operation

This operations element includes all effort and material required

to support the mission hardware after launch, including the following:

mission control operations, simulator operations, software production

facility operations, orbiter flight software and flight design

operations; crew operations, e.g. : T-38 aircraft operations, Shuttle

Carrier Aircraft (SCA) operations, Shuttle training aircraft operations,

crew @rocedures, and flight control; engineering support to include crew-

systems laboratory, data processing system maintenance, Shuttle avionics

laboratory, mockups/tralners, simulator software support, and other

engineering support functions; and program management and support.

4150 Operations Phase - Network Support

This operations element includes the operations and maintenance of

the NASA Communications (NASCOM) links.
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4200 Operations Phase - Launch Support

This operations element includes the effort and material required

for launch support, including those efforts and materials associated

with the receipt of the major hardware elements at the launch site, and

the processing, testing, and integration required for preparation and

launch of mission hardware. This element does not include payload
integration. Subfunctions of this element include:

4210 Launch Operations

4220 Range Support

4230 Recovery Operations

4240 Propellant Operations

4210 Operations Phase - Launch Operations

This operations element includes the effort and material required
to receive, process, test, and integrate the hardware at the launch site

in order to prepare for launch. This effort includes the resources

associated with the Processing, testing, and integration of flight

hardware; operation and maintenance of launch-related GSE; offllne

ground systems activities (e.g. shops, labs,) required to support

vehicle turnaround activities; GSE sustaining engineering effort to

support modification design and configuration control of all launch site

related GSE; direct and indirect civil service effort for program

management of all prelaunch and launch site activities; direct and

indirect contractor activities at the launch site, including a pro rata

share of the base support functions; and production and

inventory/control of the launch site related GSE

replenlshment/refurbishment spares.

4220 Operations Phase - Range Support

This operations element includes all costs associated with vehicle

monitoring starting with the countdown and ending when the Shuttle has

landed. This element also includes range support cost for the use of

DoD facilities when required.

4230 Operations Phase - Recovery Operations

This operations element includes all costs associated with the

recovery of reusable hardware after launch, including the recovery crews

and materials used during the recovery operations.
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4240 Operations Phase - Propellant Operations

This operations element includes all flight propellant costs at the

launch site e.g., all the fuel and oxidizers, pressurants, purging gases

and fluids required to support the operational phase of the program.

These costs reflect annual base requirements in addition to total flight

requirements.

5000 Facilities Phase - Facilities

This phase includes all costs associated with the RaT, design,

development, construction, major and minor rearrangements and

alterations (RaA), activation, and maintenance of the facilities

required to support LRB inclusion in the NSTS program. Thls element,

while not divided at the function level (i.e.,5100), is divided at the

subfunction level as follows:

5110 Manufacturing

5120 Refurbishment

5130 Launch

5140 Mission

5150 Test

5160 Recovery

Figure 8 graphically represents the relationship of this phase with

the WBS function and subfunctlons.

5110 Facilities Phase - Manufacturing

This element sums all effort and material requlred for RaT, design,

development, and constructlon/modlflcatlon and activation of the

manufacturing facilities, including manufacturing facilities for launch

vehicle hardware elements and propellants.

5120 Facilities Phase - Refurbishment

This element sums all effort and material required for RaT, deslgn,

development, constructlon/modlflcatlon, and activation of the

refurbishment facilities. This element also includes refurbishment

facilities for launch vehicle hardware elements at the launch site or

point of manufacture.
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5130 Facilities Phase - Launch

This element includes all effort and material required for the R&T,

design, development, construction/modification, and activation of the

launch facilities. This element also includes transportation equipment,

stage processing facilities, vehicle integration facilities, launch

servicing facilities, etc.

5140 Facilities Phase - Mission

This element sums all effort and material required for the R&T,

design, development, construction/modlflcatlon, and activation of the
mission control facilities. This element also includes facilities

required to monitor the mission at the various operational levels, and

provides information required to control, direct, and evaluate the

mission from prelaunch checkout through recovery. Facilities required

include a central flight control facility, a worldwide network of

monitoring stations, and real-time display system.

5150 Facilities Phase - Test

This element sums all effort and material required for R&T, design,

development, construction/modification, and activation of the test
facilities for each hardware element.

5160 Facilities Phase - Recovery

This element sums all effort and material required for R&T, design,

development, constructlon/modlflcatlon, and activation of the recovery

facilities, including the surface transportation equipment, tracking

equipment, etc. required at the termination of a mission.
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APPENDIX C BASELINE WEIGHTS AND CONFIGURATIONS

This Appendix details the baseline pump-fed and baseline pressure-fed liquid rocket

boosters. The weights are identified by subsystem and diagrams of each of the boosters are

presented.

C.1 BASELINE VEHICLE WEIGHTS

The mass properties for the baseline pump-fed and pressure-fed LRBs were determined

during the course of this study. The details are provided in Table C. 1-1. Both vehicles use

Weldalite_049 as the primary structuralmaterial.The discriminationbetween vehiclescan be

found inthe structuresand propulsionsystems. The pressure-fedstructuressubsystems arelarger

in every case than the pump-fed structuressubsystems. Two distinctdifferencesinthe pump and

pressure-fed booster cause this disparity. First the pressure-fed booster has a larger diameter than

the pump-fed booster. And second the pressure-fed booster requires the pressurized structures

(LO2 and RP-1 Tanks) to have thicker wails than the pump-fed booster to accommodate the higher

pressures.

Pump Pressure

SYSTEM Weight Weight

Structures 70,760. 150,150.

Nosecone 1,900. 2,010.

Forward Skirt 4,310. 9,900.
Forward Tank 0.,02) 20,870. 62,220.
Intertartk 5,1 I0. 6,780.

Aft Tank (RP-1) 11,970. 37,250.
Aft Skirt 26,600. 31,990.

Propulsion 32,710. 40,450.
TVC System 720. 720.
TPS 2,070. 2,420.

Separation System 1,220. 1,520.
Avionics 3,150. 3,170.
I/F Attach 1,320. 1,450.

Range Safety 150. 150
Contingency (10%) 11.210. 20.000.

TOTALS 123,310. 220,030.

Table C.I.1 . Weight Statement (Pounds)
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In thecaseof thepropulsionsubsystem, the weights are higher in the pressure-fed booster

than the pump-fed booster because of the requirement for a pressurization system. The pump-fed

booster does not require a pressurization system. The difference in this subsystem would be even

greater than this except for the fact that the pressure-fed engines are lighter than the pump-fed

engines.

C.2 BASELINE VEHICLE CONFIGURATIONS

The baseline pump and pressure-fed vehicles are shown in Figures C.2-1 and C.2-2.

Additional detail on each configuration can be found in the final report.
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APPENDIX D BOOSTER LCC

D. 1 SHARED

SHARED NSTS/ALS

NSTS/ALS LCC SCOPE

The scope of the shared NSTS/ALS cost analysis effort includes all costs directly incurred

due to the DDT&E and Production of LRBs and ALS core engines. The estimates do not include

the orbiter, external tank, or core hardware (other than core engines). Neither do the estimates

include processing costs or hardware modifications to these NSTS elements. The scope does,

however, include cost estimates for any new facilities required for the NSTS due to LRB

implementation. The ALS Launch facilities and Core Manufacturing Facilities are not included.

The initial screening of the configurations indicated no major program discriminators between such

facilities so these costs were not quantified. The only exception to the ALS facilities exclusions

was the propellant facilities. The propellant facilities for common fuel concepts would be less

expensive than the facilities for separate fuel concepts (Option 1). An allowance was made for this

facility impact. Table D. 1-1 provides a summary by program phase of the scope of the NSTS/ALS

shared booster cost analysis task.

Rmamm
Phase
R&T

DDT&E

Production

Options

Facilities

Scope

No researchand technology issuesforpump-fed booster

Software engineering efforts are excluded
No dedicated flight hardware is required (First flight is operations)
No operationsand launch supportisrequiredforDDT&E

All booster cost estimates are included

Core cost estimates are excluded except for engine subsystem

PropeUant/GSE cost estimates are identified for boosters (Not core)
No other operations cost estimates are included

All new and modified NSTS facilitiesare included

ALS facilitiesareexcluded

AIdS facilityimpact fordualpropellants(RP- 1/I..H2)included
Facilitiesinclude:

Booster Manufacturing Facilities
Booster Engine and Core Engine Test Facilities
NSTS Launch Facilities

ALS PropellantFarm Deltas(fordualpropellants)

Table D.I-1 - Shared NSTS/ALS Cost Scope
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D.2 SHARED NSTS/ALS LCC GROUNDRULES AND ASSUMPTIONS

The ground_rules and assumptions for the ALS analysis are identified in Table D.2-1. The

groundrules set-up the basis for the analysis. One important point to note is that the ALS core

costs are not included in the LCC estimates with the exception of the engines. The three ALS

options have the same core vehicle so it is not a discriminator between configurations. The

primary emphasis of the trade study was to determine the attractiveness of common ALS

booster/core engines and of the cost benefits for the NSTS/ALS programs sharing a common

booster.

Phase Groundrules and Assumpti0n_

General 1987 constant year dollars
Government factors separately identified as follows

- Government Support 5%
- Management Reserve 25%
- Contractor Fee 10%

No SRB transition costs impacts included
No SRB frights delayed or cancelled
Operations: NSTS 10 years; ALS 15 years
NSTS flight rate 14/year after Ramp from 4, 8, 12:(244 Boosters)
ALS Mission Model 25/year: (750 Boosters)
KSC and JSC operations excluded
IOC: STS LRB 1996; ALS 1998

Manufacturing facilities sized for steady state of 39 frights per year
Excludes El" and Orbiter impacts

Table D.2-1 . Shared NSTS/ALS Programmatic Cost Groundrules And

Assumptions

D.3 SHARED NSTS/ALS BOOSTER LCC ESTIMATES

Figure D.3-1 identifies the estimated LCC for three concepts for a shared booster for the

and NSTS programs. The estimated LCC (as limited in the groundrules) is lowest for Option

one.

ALS Option one utilizesour baselineLO2/RP-I pump-fed boosterwhich was designed for

the NSTS. The booster iscombined with a LO2/LH2 core forALS applications.The boosters

and theALS core have fourengineseach. ALS Option two isaLO2/LH2 boosterwith a LO2/12-12

D-2



core. There are four engines on each booster and four on the core. The core engines are different

from the booster engines as the booster is as optimized LO2/LH2 booster for the NSTS with no

attempt at commonality. The ALS option three has common engines on the core and the boosters.

There are five engines on each booster and six engines on the core. This booster is optimized for

ALS engine commonality and not the NSTS.

60-

I Wraps [Fac 5 0 "DDT&E

$55.6B
$53.1B $53.6B

4o

30
g

!0

0

OPTION 1 OPTION 2 OPTION 3

Figure D.3-1 - Shared NSTS/ALS Limited LCC

Options one and two require development of two new engines, whereas option three

requires only one engine development program. Option three, although it has the lowest

development costs, requires more engines per unit (16 vs 12) which tends to partially offset the

initial DDT&E cost advantages and the lower production unit costs for smaller engines. One of the

effects of options two and three is that the structures grow in length and diameter as compared to

the LO2/RP-1 option one. Option one has the smallest length (149.3ft) and diameter (15.Ift). In

contrast, the lengths for options two and three axe 170.6ft and 185.7ft and the diameters for both
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are 18.1ft. The impact of the increased lengths and diameters of the booster structures is an

estimated 20% additional structures cost growth.

Options one and three exhibited no significant difference in program costs (i.e., within one

percent LCC). Option two, however, offers no cost benefits with respect to the other two options.

There is no benefit such as booster/core engine commonality and the vehicle has larger structures

cost due to the increased length and diameters required to accommodate LH2 as the booster fuel.

The LCC for option two was over five percent greater than the other options. Options one and

three warrant further analysis.

D.3.1 NSTS/ALS - DDT&E And Facility Cost Impacts

The investment cost estimates for the NSTS program and the NSTS/ALS program are

identified in Figure D.3.1-1. Of the NSTS/ALS options, the investment cost is lowest for option

3. This is due to the single engine development program required. The 40% program wrap factor

is included for reference.

Option one is $1.2B more than option three, and option two is $1.4B greater than option

three. Again, the estimates do not include non-recurring costs for the core vehicle. Option one

(RP-1 Booster/LH2 Core) offers the smallest booster, but carries the penalty of two engine

development programs. Option three (Common LH2 engines for both core and booster) has the

benefit of a single engine development program, but carries the penalty of a larger booster (both

length and diameter) and additional engine quantities. Again, option two offers no cost advantages

with respect to options 1 and 3. It carries the dual engine development cost penalty, in addition to,

a penalty for having a large booster length and diameter.

Options two and three have an additional cost impact for the TPS subsystem due to the fact

that both the fuel and oxidizer tanks will require TPS application. Option one, having a non-

cryogenic fuel (RP-1), only requires TPS on the oxidizer tank. This requirement was another

discriminator for the DDT&E and Facilities cost analysis.
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Figure D.3.1-1 . Shared NSTS/ALS Non-Recurring Cost Estimates

D.3.2 NSTS/ALS Recurring Cost Estimates

The recurring cost estimates for a combined NSTS and ALS LRB Program are lowest for option

one (see Figure D.3.2-1). Option one has the lowest recurring cost estimates for every subsystem

except the engines. This is due to the high density of RP-1. The high density propellant provides

the lowest cost booster from a recurring cost standpoint since the boosters are shorter and smaller

in diameter than the I2t2 concepts. Between options, the real benefit in terms of recurring cost

advantages is minimum booster costs (option 1) versus minimum engine costs (option 3). Option

one produces the lowest booster cost while option three produces the lowest engine costs. Option

two has none of these advantages.

One of the variables that enter the equation when analyzing the engine subsystem impacts is

the production quantity effect on average unit costs. The common engine concept (Option 3) has
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the advantage of larger production quantities and therefore lower unit costs even using the same

learning curve. This accounts for the part of the difference in engine unit costs.

A

o• 4

3.5

_-n-_ 3.0

==o 2.5
"a.o

2.0,
0
o 1.5

I-

1.0

0.5

0

+$2.3B

OPTION 1 OPTION 2 OPTION 3

Figure D.3.2-1 - Shared NSTS/ALS Recurring Cost Differences

One final comment on the cost estimates for option three. Option three is impacted by

increases in the booster avionics subsystem.. The additional engine required on the option three

booster (i.e., 5 versus 4) will require an additional engine controller. The cost for the additional

engine controUer for the b_ster was included in the analysis. However, the costs for the two

additional core engine controUers (i.e., 6 v.s. 4 engines) were not included since the groundrules

excluded the avionics subsystem of the core vehicle. Including the cost for the additional engine

controllers would tend to make option one more am'active than option three.

D.3.3 LRB Average Unit Cost Estimates With Program Sharing

Figure D.3.3-I identifiesthe average unitcostsforthe boostersand thecore engines. The

Baseline NSTS only boosterisidentifiedas well. The average unitcostsfor the NSTS baseline
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pump vehicle are based on the 244 units identified in the LRB study groundrules. The Option one

booster unit costs reflect the advantages of an increased production rate (i.e., 994 boosters). The

same learning curves used for the LRB subsystems arc used for every option to provide a

consistent comparison.

Booster
Subsystem

Structures

Propulsion
Power

Avionics

Booster Engines
TPS

Asemble & Ck out

Sustaining Tooling

Initial Spares

Sustaining Engr.
Program Mgmt.

AVERAGE UNIT COSTS

NSTS NSTS/ALS
Option 1
LO2/RP-1
LO2/LH2

Option 2Baseline

Pump

TOTAL

$4.4 M

$2.8 M

$1.2 M

$6.3 M
$14.8 M

$0.3 M

$1.6 M

$0.5 M

$0.9 M

$1.7 M
$1.4 M

$36.0 M

$3.2

$2.2

$1.0

$4.9
$10.6

$0.2

$1.2
$1.3

$0.8
$1.4

$1.2

LO2/LH2
LO2/LH2

M $3.8

M $2.3

M $1.0

M $4.9

M $10.9

M $0.5

M $1.2
M $1.4

M $0.8

M $1.5

M $1.2

Option 3

$28.0 M
(4 Engs)

LO2/LH2"
LO2/LH2*

M $3.9
M $2.3

M $1.0
M $5.5

M $10.1

M $0.5

M $1.2
M $1.5

M $0.8

M $1.5

M $1.2

$29.5 M
(4 Engs)

M

M

M

M
M

M

M

M

M

M
M

$29.5 M
(5 Engs)

Core ALS Engines $13.7 M $13.7 M $12.1 M
(4 Engs) (4 Engs) (6 Engs)

Average Unit Cost t(2-LRBs / Core Engines Only $69.7M $72.7M

* Common Engines

$71.1M

Figure D.3.3-1 - Shared NSTS/ALS Average Unit Costs

The average unit cost estimates for two boosters and one set of ALS core engines is lowest

foroptionone. The conclusionsthatcan be drawn from thisanalysisarethatalloptionsprovide a

reductionin unitcostover the singularuse of boostersin theNSTS program. Additionally,option

one provides the lowest average unitcostsfora shared(ALS/NSTS) boostersystem. And finally,
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option three even with smaller engines can not offset the booster impacts caused by the selection of

a relatively low density fuel (i.e., LH2 as compared to RP-1.)

D.3.4 NSTS Additional Cost Impacts For Common Fuel ALS Options

The cost analysis for the ALS configurations excluded some potential discriminators

between concepts (as identified in the groundrules and assumptions.) The following discussion

attempts to identify those areas that may incur costs in addition to the ones quantified in this LCC

analysis.

The ALS options two and three have common core/booster engine fuels. These

configurations will incur added costs due in part to the low density of liquid hydrogen - as

compared with RP-1. The increased booster diameters and lengths will have a greater impact on

the NSTS system than the smaller RP-1 fueled booster. These impacts are difficult to quantify.

The cost analysis has set these issues aside to concentrate on those impacts that are more easily

quantified. The NSTS integration impacts, however, may result in cost increases for options two

and three.

Some of the NSTS integration impacts are identified in order to provide some visibility into

the areas that require further consideration. The impacts are grouped by major NSTS elements:

ET, Orbiter, & System Integration.

Possible ET impacts include: lengthening the intertank to provide required LRB Beam

clearances; redesigning the LRB beam; redesigning the thrust panels on the intertank; performing

additional testing and modeling of the loads on the ET due to the extended LRBs; re-evaluating the

location of the lightening protection system from the ET to the LRB; and re-designing the ET/LRB

aft attach frame (2080) to accommodate dual cryogenic tank shrinkage. Any of these possible

impacts, with the exception of the lightening protection relocation, may force complete

requalfficafion of the ET.

Possible Orbiter impacts include: additional wind tunnel testing for increased wing loads

from larger diameters (18.1ft).

Possible STS integration impacts include: additional JSC mission planning efforts for

narrow trajectory allowances (clue to increased wing loads); and increased mission launch costs for

missing narrower launch windows.
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The booster/core engine cost analysis has demonstrated that option two is not a cost

attractive candidate. Options one and three however, are contenders for further analysis. The

potential NSTS impacts discussed above may have additional cost impacts that would have to be

considered in any further analyses of the LO2/LH2 booster. If further analysis demonstrates the

LO2/LH2 booster impacts to the NSTS configuration are severe, option one would become the

preferred NSTS/ALS shared booster approach.

D.4 ALS/LRB COST SUMMARY

The shared NSTS/ALS LRB cost analysis considered three possible ALS/NSTS LRB

Alternatives. The options were evaluated to determine the best alternatives from a cost perspective.

The cost analysis indicates that there are two of the three configurations that should be considered

further: namely, option one (RP-1 booster/LH2 Core) and option three (LH2 booster/LH2 Core -

common engines). Option Two does not offer any potential cost savings over options one and

three due to the development of two separate engines and the vehicle growth inherent in selecting

LH2 fueled boosters.

From a non-recurring cost standpoint, option three is the clear winner between the three

options due to the single engine development program requirement. Options one and two require

dedicated engines for the booster and the core which helps push the non-recurring cost estimates

between $1.2B and $1.413 more than option three.

From a recurring cost standpoint, option one has the lowest costs due to the smaller

structures. The structures are 3 feet smaller in diameter and several feet shorter than the nearest

other option. The average unit cost of option one is lower than any other option. The average unit

cost for option three placed second and the average unit cost for option two finished last.

The cost analysis found that the common booster/core engine approach does minimize the

gagiag life cycle cost estimates, but penalizes the booster subsystems and maximizes the NSTS

integration impacts. Life cycle cost estimates for options one and three were within one percent of

each other. The program costs for option two were five percent greater than the other options.

The additional NSTS integration cost impacts will tend to increase the costs for options two and

three. The analysis suggests that option one would have the smallest life cycle costs when all

impacts are considered. Options one and three warrant further consideration since the cursory

LCC analysis found little cost discrimination between the two options.
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